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1. INTRODUCTION 
1.1. General 
The use of steel-deck-reinforced concrete (SDRC) floor systems 
is prevalent in steel frame structures, principally because of 
the advantages of this type of floor system over a traditionally 
reinforced concrete floor slab. These advantages have been discussed 
thoroughly in the past [45,46,49] and thus only certain key advantages 
are repeated here. One such advantage is that the cold-formed 
steel deck functions both as a permanent form and as the principal 
reinforcement once the concrete has cured. Significant economic 
benefit is gained by both the lack of required temporary shoring 
and additional tensile reinforcement. Other advantages center 
around serviceability or functionality characteristics of the system, 
such as providing easy access for wiring and ducting or providing 
a rapidly installed working platform for construction crews. 
Steel-deck-reinforced concrete floor systems are constructed 
by fastening sections of cold-formed steel deck to framing members 
which are typically steel. The fastening may be done with arc 
spot welds, screws, power driven pins, positive shear transfer 
devices such as headed shear studs or some combination of fasteners. 
Seams between adjacent panels may either be welded, screwed or 
crimped. A layer of concrete is placed on the deck with shrinkage 
and temperature steel added. Also supplemental reinforcing steel 
may be added in some cases, either in the positive or negative 
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moment regions of the slab. Shear transfer needed for composite 
action between the deck and concrete is established by a combination 
of chemical or material bonding at the interface, friction and 
mechanical influence of shear transfer devices. The shear transfer 
devices typically consist of embossments rolled into the deck profile, 
transverse wires attached to the deck or keystone shaped profiles. 
Figure 1 illustrates the keystone, as well as other, steel-deck 
profiles. 
Initial uses [25] of steel deck in floor slabs were only as 
a permanent form. Additional reinforcing bars were added to carry 
the tensile forces in the slab. In the 1950s work was begun that 
would lead to the acceptance of the steel deck as tensile reinforce­
ment [25], with the only additional steel required being for shrinkage 
and temperature effects and negative moment steel. 
The original interest in SDRC floor systems, and thus much 
of the subsequent research, centered on the gravity load carrying 
capacity of the slabs. In 1967 the American Iron and Steel Institute 
(AISI) initiated a research project at Iowa State University (ISU) 
to study various aspects of cold-formed steel deck when used as 
tensile reinforcement for concrete floor slabs. This research 
has been reported in numerous technical reports, conference proceedings 
and journal articles of which key details have been summarized 
in References [43-47,49]. As a result of the research on SDRC 
floor systems at ISU, design recommendations were formulated [47,8]. 
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In the late 1960s, independent proprietary studies were begun 
at West Virginia University (WVU). The most recent report of these 
studies is given in Reference [50]. These studies, when combined 
with the extensive research performed at ISU as discussed in the 
preceeding paragraph, make up the primary research data base on 
SDRC floor systems in the United States. 
Multi-story structures are typically required to resist lateral 
forces, in addition to gravity loading, such as those that are 
initiated by wind or earthquakes. In resisting these forces, the 
floor system can in most cases be an integral part of the lateral 
load carrying system. The floors act to distribute in-plane loads 
to adjacent frame lines, and when loaded in this manner the floor 
system is typically referred to as a diaphragm. Figure 2 shows 
a schematic of the diaphragm action. While the ASCE Standard [8] 
provides a much needed guide for the design and construction of 
SDRC floor systems, it lacks any information regarding the behavior 
and design of the floor systems when they are functioning as diaphragms. 
The lack of behavioral understanding and of a generally applicable 
design technique for SDRC floor diaphragms was well recognized 
by the researchers in the field and was identified in a report 
on composite construction in 1977 [30]. In 1978 a research effort 
sponsored by the National Science Foundation (NSF) was initiated 
at ISU with the objective of determining the behavioral and strength 
characteristics of SDRC diaphragms. This phase of the research 
5 
Figure 2. Building frame schematic 
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was completed and reported in 1980 [48]. Additional research needs 
were identified and a second NSF sponsored research effort was 
initiated in 1983. The objectives of the second phase of NSF research 
and this particular part of the study are identified specifically 
in the following section. 
1.2. Objective of Research 
1.2.1. Objective of overall project 
The original SDRC diaphragm research project at ISU had as 
its objective the investigation of behavioral and strength character­
istics of SDRC floor diaphragms. In order to provide continuity 
between the two phases, the basic objective for the second research 
project was the same as in the first. Additional tasks were outlined 
for the second phase of the research that supported the basic objective. 
These tasks are categorized into three areas. 
The first area was to experimentally investigate additional 
failure modes by introducing the effect of various system parameters. 
In the first phase of the research a limited number of parameters 
were investigated. Therefore, in the current phase, additional 
failure modes were to be investigated by varying key system parameters 
such as deck type, deck thickness, fastener type, number of fasteners, 
concrete thickness, depth to span ratio, load combinations of in-plane 
and gravity loads and edge member size. Each of these parameters 
were investigated with regard to their influence on behavior and 
strength of SDRC diaphragms. 
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Secondly, analytical predictive methods for diaphragm strength 
and behavior were to be developed and verified. A preliminary 
analytical procedure was developed in the first phase of the research. 
That method was verified, refined and expanded to reflect the influence 
of the system parameters that were previously discussed. As a 
part of this task, strength and stiffness parameters determined 
from elemental or pushout type tests were required. 
The final part of the objective was to develop design recommen­
dations for SDRC diaphragms. These recommendations were to reflect 
the results of the previous two tasks such that they could be submitted 
to the appropriate professional body for review and disbursement 
to the practicing engineering community, thus fulfilling a previously 
identified need [30], as well as part of the project objective. 
1.2.2. Objective and scope of this study 
The work reported herein was part of the overall research 
project that was discussed in the previous section. Generally, 
this study had as its principal objective the establishment of 
a design methodology for SDRC diaphragms. In order to satisfy 
that objective several more specific objectives were needed and 
they are defined as: 
• Perform literature review of previous composite 
diaphragm research and pertinent steel-deck diaphragm 
and fastener research. 
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Conduct full-scale tests on SDRC diaphragms to 
establish the influence of various design parameters 
on the behavior, strength and stiffness of the 
diaphragms. 
Perform detailed analysis using the finite element 
method to establish force distributions, which are 
needed to verify preliminary and establish modified 
analytical expressions. 
Survey the steel-deck industry in order to obtain 
typically used configurations and currently used 
design approaches. 
Establish a design methodology for SDRC diaphragms 
that enables the designer to adequately predict 
strength and stiffness, which reflects the results 
of the previous parts of the study. 
9 
2. REVIEW OF PREVIOUS RESEARCH AND DESIGN CRITERIA 
2.1. General 
This chapter will review past research that relates to the 
behavior and design of SDRC floor diaphragms and is divided into 
three sections. These sections address studies of SDRC diaphragms, 
unfilled steel-deck diaphragms and pertinent types of fasteners. 
2.2. Steel-Deck-Reinforced Concrete Diaphragms 
The quantity of general research done on SDRC diaphragm systems 
has been minimal. Most of the work that has been done has been 
proprietary testing that is typically sponsored by various steel 
deck manufacturers. As a result of the proprietary nature of the 
work, information regarding the testing has not been widely pub­
lished, but has been incorporated into various design methods. 
In reviewing the previous SDRC diaphragm research, both from 
the limited publishings and proprietary data reports, the author 
concluded that a substantial amount of the SDRC diaphragm testing 
was performed by S. B. Barnes and Associates of Los Angeles, Cali­
fornia [13-15J. Since the late 1940s numerous proprietary tests 
have been performed for several different steel-deck manufacturers. 
The results of some of these early tests were used to formulate 
the design approach in the Seismic Design for Buildings [22,23]. 
Discussions of the test results [13-15] indicate that the 
predominant modes of failure were deck tearing around welds at 
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the edge framing member, shearing of welds, shear failure of the 
concrete above the flutes of deck, localized cracking and concrete 
separation from the deck. In most citations of the separation 
of the deck and concrete, a simultaneous failure of the welds was 
noted. Diaphragms with both structural concrete fill and vermiculite 
fill were tested with a minimum of 1 1/2 inches of concrete above 
the top flange of the deck. Steel deck sections were typically 
welded to the framing members. 
Based on some of the early tests by Barnes, a design method 
was developed using a guided cantilever concept and basic statics 
[11]. Resulting expressions were empirical and calibrated to fit 
the limited number of tests that were available at the time. The 
equations were typically adjusted for each different deck manufac­
turer's tests [22,23]. Methods for both strength and stiffness 
were formulated based on all available tests prior to the 1973 
publishing of Seismic Design for Buildings [22,23] and are included 
in that document. 
A series of nine diaphragm tests with lightweight insulating 
fill were performed at WVU and reported by Luttrell [32]. Corrugated 
galvanized steel deck was used with nominal depths between 9/16 
in. and 1-3/8 in. Welded connections were used with welding washers 
that had 3/8 in. diameter holes. Luttrell reported that the most 
noticeable effect of the fill was increasing the stiffness of the 
diaphragm system. The warping restraint provided to the deck by 
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the insulating fill was adequate to force the failure to be at 
the welds as opposed to sheet instability, which had occurred in 
similar nonfilled diaphragm tests. Expressions were presented that 
correlate diaphragm strength to the number of welds along the edges 
of the diaphragm. 
Four composite diaphragm tests were performed at the University 
of Sal ford by Davies and Fisher [21]. Trapezoidal and re-entrant 
steel-deck profiles were used and attached to the perimeter framing 
members with self-drilling, self-tapping screws. Concrete cover 
was either approximately 2 in. or 2 3/4 in. In each case the control­
ling failure mode was reported as a fastener failure, with one 
specimen failing by a combination of fastener failure and profile 
collapse. The fastener spacing ranged from approximately 12 in. 
to 28 in. Equations were presented to determine the strength of 
the diaphragm based only on a fastener failure. The expressions 
were developed based on assumptions regarding the force distribution 
on the fastener patterns. 
As stated in Chapter 1 of this document, the present research 
project was preceded by an earlier phase that was also conducted 
at ISU [48]. The results of the first phase are utilized in the 
current phase and a more complete description of the findings will 
be included in later chapters. 
A series of 14 diaphragm tests were performed and reported 
in 1981 by ABK, A Joint Venture [Ij. The ABK group is made up 
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of members from three firms, Agbabian Associates, S. B. Barnes 
and Associates and Kariotis and Associates, all in the Los Angeles 
area. 
Of the 14 diaphragms only one specimen was an SDRC diaphragm. 
The specimen was a 20-gauge deck with 2 1/2 in. of concrete cover 
and attached to a 20-ft. by 60-ft. test frame with intermediate 
framing members. Loading consisted of a series of 11 static and 
dynamic inputs with each series generally increasing in magnitude, 
but the specimen was not loaded to failure. The document is a 
data report on the experimental testing, and provides the only 
known test results of an SDRC diaphragm subjected to dynamic exci­
tation. 
2.3. Steel-Deck Diaphragms 
A brief review of research efforts pertaining to unfilled 
steel-deck diaphragms was made and is presented here. The intention 
was to highlight certain aspects or results which will be used 
later in this study, and not to fully address all past steel-deck 
diaphragm research. Much more complete reviews of steel-deck dia­
phragm research are given elsewhere [12,13] and should be consulted 
by the reader requiring a thorough knowledge of this work. 
Early testing of steel deck diaphragms established behavioral 
characteristics which are keys to understanding and attempting 
to predict strength and stiffness. Nil son [38] provided the first 
generally published article on steel deck diaphragm research which 
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was performed at Cornell University. In this research Nil son es­
tablished techniques for testing steel deck diaphragms which were 
published by the American Iron and Steel Institute (AISI) [5] and 
have since been accepted by the American Society for Testing and 
Materials (ASTM) [7]. He also developed and refined several welding 
techniques particularly suited to steel deck sections. 
Diaphragm research at Cornell University continued and was 
reported by Luttrell [34]. In addition to deriving a semi-empirical 
expression for predicting the stiffness of a steel-deck diaphragm 
he concluded that the panel length influenced shear stiffness but 
not strength. Luttrell noted that warping of the profile occurs 
near the ends of the panel and extends for a finite distance towards 
the panel center. This warping can be decreased by adding additional 
fasteners or by stiffening the ends as is done with closure angles. 
He also stated that the length of the warped region is independent 
of the panel length. 
Numerical modeling of steel deck diaphragms using finite analy­
sis was performed at Cornell University [39,12]. A linear elastic 
analysis was used by Nil son and Ammar [39] in which steel deck 
panels were modeled as equivalent orthotropic plane stress elements. 
Framing members were modeled as two-dimensional linear beam elements 
and connections were modeled with two one-dimensional elastic link 
elements. The mechanical properties for the plane stress elements 
and the linkage elements were determined by either experimental 
or analytical means. 
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Analytical models and comparisons to past experimental work 
were made using tests by Nil son [38] and Luttrel1 [34] according 
to Atrek and Nilson [12]. Due to nonlinearities in connectors, 
which could not be adequately modeled with the software used by 
Ammar, the analytical results were compared with the experimental 
results up to 40 percent of the experimental ultimate load. Accor­
ding to Atrek and Nilson [12] stiffness comparisons from Ammar's 
work were satisfactory for cellular type diaphragms, but for a 
noncellular diaphragm the analysis showed a more flexible result 
than the experimental specimen. This result was attributed to 
poor evaluation of the effective shear modulus of the deck. 
Atrek and Nilson [12] expanded the finite element analysis 
that was begun by Ammar to include the nonlinear behavior of the 
connections. In addition, they considered different approaches 
for determining equivalent orthotropic properties for the steel 
deck such that plane stress elements could be used in the analysis. 
These different approaches were developed by other researchers 
and are referenced extensively by Atrek and Nilson [12]. Work 
by Hussain and Libove [28] of Syracuse University was utilized 
by Atrek and Nilson for determining the shear modulus, and was 
cited as being the most accurate developed up until that time. 
Section 4.3.2.1 of this document will discuss the particular portions 
of the work by Hussain and Libove [28] that was used in this analy­
sis. 
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In their work Atrek and Nil son reiterated the fact that the 
majority of the shear deformation occurs near the panel ends in 
steel-deck diaphragms. As part of their conclusions, they stated 
that increased accuracy can be obtained when comparing the analytical 
results to the experimental results by assigning the elements near 
the ends of the diaphragm a reduced effective shear modulus compared 
to the centrally located elements. However, they also conclude 
that the increase in accuracy does not, in most cases, overcome 
the added expense that comes with such mesh refinement. 
2.4. Fasteners 
This section will briefly review past research pertaining 
to fasteners or connectors used in constructing SDRC diaphragms. 
The two types of fasteners that are most commonly used in construc­
tion today are the arc-spot or puddle weld and the headed shear 
stud. Literature pertaining to these two types of fasteners which 
was utilized in this study will be generally reviewed in this section 
with specific details, such as strength and stiffness expressions, 
presented in Chapter 4. 
Various research projects focusing on arc-spot weld strength 
and behavior have been carried out at Cornell University and have 
formed the basis for strength equations appearing in the AISI Speci­
fications for the Design of Cold-Formed Steel Structural Members 
[6]. The Cornell studies are summarized by Yu [60] and Pekoz and 
McGuire [42]. Four failure modes were considered by AISI [6J and 
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reflected by the strength expressions. They were "shear failure 
of welds in the fused area, tearing of the sheet along the contour 
of the weld with the tear spreading across the sheet at the leading 
edge of the weld, sheet tearing combined with buckling near the 
trailing edge of the weld, and shearing of the sheet behind the 
weld" [60]. 
A series of weld tests that were performed at WVU formed the 
basis for strength expressions in the Steel Deck Institute Diaphragm 
Design Manual [33]. Further testing at WVU was performed by Klingler 
[31] which resulted in strength and flexibility expressions for 
arc spot welds with and without the use of weld washers. This 
research has been incorporated into a soon to be published update 
of Reference 33 [56]. 
Several research projects dealing with behavior of headed 
shear stud behavior in composite beams with and without the use 
of steel deck have been conducted at Lehigh University [55,40,26,27] 
and were summarized by Dodd [24]. The work at Lehigh resulted 
in strength expressions for headed shear studs used with steel 
deck and accounted for effects of normal and lightweight concrete, 
rib geometry, number and length of connectors, edge distances and 
orientation of the steel depk corrugations. Their work has been 
incorporated into the American Institute of Steel Construction 
(AISC) design manuals [3,4]. An empirical expression for describing 
load vs. slip behavior was also developed [40]. 
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3. EXPERIMENTAL INVESTIGATION 
3.1. General 
The experimental portions of the research are described in 
this chapter. In the two phases of the research a total of 32 
full-scale SDRC diaphragms and 112 elemental specimens were tested. 
This chapter principally addresses the full-scale tests while briefly 
describing the elemental testing in Section 3.6.3. Prins [51] 
and Dodd [24] have extensively studied and reported the elemental 
test results. Porter and Greimann [48] have reported the results 
of diaphragm tests one through nine. Key experimental parameters 
as well as results from the first phase are repeated herein for 
completeness, since those tests form part of the same data base 
as the tests in this phase of the research. The remaining diaphragm 
tests are designated 10 through 32 and are described in this chapter. 
3.2. Test Facility 
A horizontal cantilever test frame was designed in the first 
phase of the research [11] and is shown schematically in Figure 3. 
For Diaphragms 1-21 the plan dimension was 15 ft. x 15 ft. as shown 
in Figure 3, and for Diaphragms 22-32 the plan dimensions were 
15 ft. X 12 ft. The north to south dimension or the span of the 
diaphragm was the 12 ft. dimension. 
The south edge of the test frame was constructed using three 
reinforced concrete blocks. These blocks served as the reaction 
+3'-0" + 
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(TO SERVO-VALVE) 
Figure 3. Diaphragm test frame schematic [11] 
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edge and were anchored to the structural test floor by post-tension­
ing 2 in. diameter high strength steel rods. A steel plate was 
embedded in the top of the concrete blocks near the interior edge 
of the frame to facilitate the fastening of the steel-deck sections 
to the south edge. For Diaphragms 1-31 the remaining edge members 
were W24 x 76 steel sections. Diaphragm 32 was constructed with 
W14 X 22 steel sections. Connection of the framing members to 
each other and to the south edge was made using flexible tee sections. 
Load was applied via two reversible hydraulic actuators as 
shown in Figure 3. Each actuator has a capacity of 200 kips and 
both are driven with a closed loop servo-valve controlled system. 
The test frame was designed for a maximum load application of 400 
ki ps. 
As part of the full-scale diaphragm study, six diaphragms 
were loaded with both in-plane and vertical load. This portion 
of the study, including the modifications to the test set-up was 
described by Neil sen [36]. 
3.3. Instrumentation 
Data were collected for each of the diaphragms utilizing mechanical 
dial gages, electrical resistance strain gages, electronic displacement 
transducers (DCDT), load cells, still photography and in some instances 
video recording. The particular data that were collected was selected 
in order to obtain information to aid in the verification of analysis 
procedures and to facilitate the understanding of the behavior 
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of SDRC diaphragms. Instrumentation was used to determine in-plane 
loads, in-plane and out-of-plane displacements, strains in the 
concrete, steel deck and steel framing members, relative displacement 
between the steel deck and concrete, between the steel deck and 
frame and between the frame and the structural floor. Photographs 
were taken to aid in the visualization of failure modes, crack 
patterns and test set-up. Test observations by the researchers 
were recorded on a hand-held tape recorder. Figures 4, 5 and 6 
show typical locations of some of the instrumentation. Diaphragms 
18, 19, 20 and 32 were instrumented additionally in the southwest 
corner to determine the flexibility of the frame-to-abutment connection. 
A somewhat crude, but seemingly effective, means of measuring 
the distance from the edge of the diaphragm, that separation between 
the deck and concrete occurs, was used for several slabs. Using 
a 1/2 in. wide by 0.022 in. thick piece of steel banding material, 
a device referred to as a dip-stick, .was fabricated. The dip-stick 
was marked with a grid and when used was inserted into the separation 
as far as possible and the distance was recorded. An assumption 
was made that the actual separation distance was greater than the 
measured distance by 12 in. or less. 
The electrically recorded data were collected using a 150 
channel data acquisition system (DAS). Components of the system 
included a micro-computer with dual disk drives, digital plotter 
and printer and a 150-channel digital voltmeter with five independent 
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power supplies. Figure 7 shows a schematic of the experimental 
testing arrangement. 
3.4. Displacement Program 
Reversed cyclic loading was used for all test specimens in 
the current phase of the research. The tests were displacement 
controlled using the DCDT in the northeast corner in line with 
the push beam as the feedback to the closed loop system. A typical 
displacement history is shown in Figure 8. Continuous load vs. 
displacement plots were made during the test as illustrated by 
the plot for Diaphragm 14 in Figure 9. The remaining instrumentation 
was recorded only at the prescribed load points which are indicated 
by "+" in Figure 8. 
At each level of displacement in the displacement history 
a minimum of three complete cycles were made. The criteria for 
increasing to the next level was that the load had to stabilize 
within a certain margin. This margin was defined as being less 
than a five percent change in load from the previous cycle at the 
same displacement. A comparison of the load was made between the 
second and third cycle in either the positive or negative direction. 
An initial displacement level of 0.025 in. was selected for 
the experimental program. This displacement level was thought 
to be within the elastic range of behavior for the SDRC diaphragms. 
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3.5. Test Parameters 
Numerous SDRC diaphragm parameters were varied and tested 
in the experimental portion of this study. These parameters included 
steel deck type, fastener type and number, concrete thickness, 
depth-to-span ratio, loading and framing member size. Table 1 
gives a summary of key test parameters. 
As stated previously. Diaphragms 1-9 were part of the first 
phase of the research, but test parameters are included in Table 
1 for completeness. In addition to the information given in Table 
1, the reader should note the following items. Diaphragms 1-21 
were 15 ft. x 15 ft. in plan while Diaphragms 22-32 were 15 ft. 
X 12 ft. in plan. Diaphragm? 1-31 were constructed with W24 x 
76 steel sections and Diaphragm 32 was constructed with W14 x 22 
steel sections. All diaphragms except Diaphragm 26 were constructed 
with normal weight concrete, with 26 being constructed with structural 
lightweight concrete. 
A total of 11 different deck types were referred to in Table 
1. Sketches of these different deck types are given in Figures 
10-17. Deck sections are classified as different if the profile, 
deck thickness or embossment configuration is unlike any other. 
Deck types 1, 3 and 4 are similar except for steel thickness, as 
are deck types 6 and 11. 
3.6. General Behavior and Failure Modes 
The load that a floor system carries as a diaphragm may originate 
from one of two sources. Lateral loads such as wind or blast may 
Table 1. Summary of diaphragm parameters 
Concrete Parameters 
Nominal Actual 
Slab Thickness Thickness f^' 
Number (in.) (in.) (psi) 
1 
2 
3 
4 
5 
6 
7 
8 
5.5 
5.5 
5.8 
5.5 
3.5 
7.5 
5.5 
5.5 
5.38 
5.50 
5.65 
5.28 
3.53 
7.44 
5.40 
5.47 
5634 
5250 
4068 
3849 
2966 
4549 
5435 
3345 
5.5 5.48 5412 
10 
11 
12 
13 
5.5 
5.5 
5.5 
5.5 
5.53 
5.72 
5.59 
5.53 
3311 
3533 
3412 
6187 
Steel Deck Parameters 
Yield Ultimate 
Deck Thickness Strength Strength Connections 
Type (in.) (ksi) (ksi) Per Side 
1 0.034 41.7 53.4 30 studs 
1 0.034 41.7 53.4 30 studs 
1 0.034 41.7 53.4 60 welds 
1 0.034 41.7 53.4 60 welds 
2 0.062 48.2 60.7 30 welds 
2 0.062 48.2 60.7 60 welds 
3 0.058 49.7 61.1 60 welds 
1 0.035 41.7 53.4 4 studs 
(N-S side) 
6 studs 
(E-W side) 
4 0.058 51.8 63.2 60 welds 
4 (Pan) 0.057 52.4 64.9 
5 0.062 40.4 53.2 60 welds 
6 0.047 89.7 93.7 60 welds 
5 0.062 40.4 53.2 60 welds 
4 0.058 51.8 63.2 60 welds 
4 (Pan) 0.057 52.4 64.9 
Table 1. (Continued) 
Concrete Parameters 
Nominal Actual 
Slab Thickness Thickness 
Number (in.) (in.) (psi) 
14 
15 
16 
17 
18 
19 
20 
21 
22 
8 
4 
4 
7.5 
5.5 
5.5 
5.5 
5.5 
5.5 
8 . 2  
4.21 
4.18 
7.44 
5.55 
5.75 
5.55 
5.67 
5.68 
3699 
2844 
2952 
4261 
3052 
2681 
3973 
3638 
3301 
23 5.5 5.75 3496 
24 5.5 5.63 4047 
Steel Deck Parameters 
Yield Ultimate 
Deck Thickness Strength Strength Connections 
Type (in.) (ksi) (ksi) Per Side 
5 0.062 40.4 53.4 60 welds 
7 0.047 89.7 93.6 60 welds 
7 0.047 89.7 93.6 60 welds 
2 0.062 46.0 54.4 60 welds 
5 0.062 40.4 53.4 60 welds 
8 0.062 49.4 55.5 60 welds 
9 0.037 48.6 56.2 40 welds 
5 0.062 40.4 53.4 15 welds 
5 0.062 40.4 53.4 60 welds 
(N-S side) 
48 welds 
(E-W side) 
9 0.037 48.6 56.2 40 welds 
(N-S side) 
34 welds 
(E-W side) 
8 0.062 49.4 55.5 48 welds 
Table 1. (Continued) 
Concrete Parameters 
Nominal Actual 
Slab Thickness Thickness f^' 
Number (in.) (in.) (psi) 
25 5.5 5.69 4672 
26 4.5 4.72 3462 
27 5.5 5.66 2883 
28 5.5 5.60 3611 
29 5.5 5.55 2887 
Steel Deck Parameters 
Yield Ultimate 
Deck Thickness Strength Strength Connections 
Type (in.) (ksi) (ksi) Per Side 
5 0.062 40.4 53.4 16 welds 
(N-S side) 
8 studs 
(E-W side) 
10 0.036 92.8 93.6 7 welds (W) 
11 studs (E) 
8 studs, 
15 welds 
(N-S side) 
9 0.037 48.6 56.2 9 welds 
(E-W side) 
8 studs, 
15 welds 
(N-S side) 
9 0.037 48.6 56.2 15 welds 
8 studs 
(N-S side) 
6 studs 
(E-W side) 
11 0.035 86.9 89.8 16 studs 
(N-S side) 
11 studs 
(E-W side) 
Table 1. (Continued) 
Concrete Parameters Steel Deck Parameters 
Slab 
Number 
Nominal 
Thickness 
(in.) 
Actual 
Thickness fg' 
(in.) (psi) 
Deck 
Type 
Thickness 
(in.) 
Yield 
Strength 
(ksi) 
Ultimate 
Strength 
(ksi) 
Connections 
Per Side 
30 5.5 5.63 3565 11 0.035 86.9 89.8 
31 
32 
5.5 
5.5 
5.75 
5.66 
3336 
2452 
11 
11 
0.035 
0.035 
86.9 
86.9 
89.8 
89.8 
12 studs, 
4 welds 
(N-S side) 
7 studs 
(E-W side) 
23 welds 
(N-S side) 
13 welds 
(E-W side) 
30 welds 
(N-S side) 
23 welds 
E-W side 
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Figure 10. Typical view of Deck Types 1, 3 and 4 [48] 
- EMBOSSMENTS 
Figure 11. Typical view of Deck Type 2 [48] 
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EMBOSSMENTS 
Figure 12. Typical view of Deck Type 5 [36] 
Figure 13. Typical view of Deck Types 6 and 11 [51] 
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Figure 14. Typical view of Deck Type 7 [36] 
Figure 15. Typical view of Deck Type 8 [51] 
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impinge on the walls of a structure, which results in a load path 
that has loads being transferred to frame lines, then into the 
diaphragm and then to lateral load resisting elements, such as 
shear walls or braced frames. Inertial loads due to seismic activity 
originate from the mass of the diaphragm and attachments thereto 
and are distributed to lateral load resisting elements. 
In either of the two cases the load path through the diaphragm 
is similar, although the direction may change. Considering the 
first scenario above, the load must be transferred from the edge 
members through the connections and into the composite diaphragm. 
This transfer has been shown, through the first phase of this research 
[48] and the current phase, to take place in a narrow region near 
the edge of the diaphragm that is identified as the edge zone. 
If arc-spot welds are used as edge fasteners, the load must pass 
through the welds, into the deck, through the deck-concrete interface 
and into the composite system made up of the deck and concrete. 
When headed shear studs are used the transfer is similar, but the 
function of the interface is lessened due to the restraining force 
by the studs. 
A SDRC diaphragm may fail in one of several modes or possibly 
a combination of modes. This section describes in some detail 
those failure modes that have been identified as the most likely 
to control the capacity of a SDRC diaphragm. In addition, several 
other possible modes of failure that have been identified previously 
by Porter and Greimann [48] are presented. 
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Following a discussion of the failure modes, the tested diaphragms 
are categorized according to observed experimental failure modes. 
Highlights or significant points pertaining to the failure mode 
classification of the diaphragms are included in the discussion. 
In the first phase of the research numerous potential failure 
modes were identified and described [11,48]. This list was expanded 
by Neilsen [36] and Prins [51] to the list shown in Table 2. The 
failure modes are listed in the following three general categories: 
composite slab, deck-concrete shear transfer mechanism and diaphragm-edge 
member connections. 
Composite slab failures can occur by one of several means. 
As illustrated by Figure 18, cracking can occur diagonally across 
the diaphragm or parallel to and above the top flange of a corruga-. 
tion or flute. The diagonal tension crack will occur at approxi­
mately a 45 degree angle to the side of the diaphragm and extend 
over a major portion of the diaphragm. This failure strength repre­
sents an upper bound to the diaphragm capacity. All other modes 
of failure must be prevented if the diagonal tension capacity is 
to be achieved. The cracking above and parallel to the top flange 
of a flute occurs as a result of the concrete cover being inadequate 
above the deck. 
Localized failures or an overall stability failure could also 
control the strength of a SDRC diaphragm. High localized stress 
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Table 2. Failure modes for composite diaphragms [51] 
1. Composite slab 
a. Concrete shear strength 
1. Diagonal tension 
2. Parallel to deck corrugations 
b. Localized failure 
c. Stability failure 
2. Deck-concrete shear transfer mechanism 
a. Parallel to corrugations 
1. Interfacial slip (shear bond) 
2. Concrete shear 
b. Transverse to corrugations 
1. Interfacial slip (overriding and foldover) 
2. Concrete shear 
3. Corbel/rib 
3. Diaphragm-edge member connections 
a. Arc spot weld 
1. Weld shear 
2. Sheet tear 
3. Sheet tear and buckling 
b. Studs 
1. Shearing of stud 
2. Shear failure of concrete around stud 
3. Corbel or edge strip 
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CRACK PARALLEL 
TO CORRUGATION 
Figure 18. Composite slab failures [11] 
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concentrations due to perhaps concentrated forces, holes in the 
diaphragms or abrupt changes in geometry could precipitate a local­
ized failure. The dimensions of a SDRC diaphragm are typically 
such that a general out-of-plane stability failure is not probable 
as a controlling failure mode, however, the possibility of such 
a failure is acknowledged. Of the possible failure modes in the 
composite slab category, only the diagonal tension was experimentally 
observed as a controlling mode. 
The deck-concrete shear transfer mechanism, or the shear transfer 
mechanism as it is referred to hereafter, is a descriptive phrase 
assigned to the interface between the deck and the concrete. This 
interface consists of the combination of the material component 
of the interface formed by the reaction of the cement paste with 
the galvanized or phosphatized surface of the deck, and of the 
physical or fractional component. When this interface breaks down 
to the extent that load can no longer be transferred, then a failure 
of the shear transfer mechanism is said to have occurred. Table 
2 distinguishes between shear transfer mechanism failure parallel 
and transverse to the corrugations, but the author feels that in 
most instances during the experimental testing, this delineation 
was difficult to make and the failure was typically a combination 
of the slip in two directions. 
When the corrugation or rib of the deck is relatively narrow, 
a failure plane across the top of the rib may form. This is referred 
to as a corbel or rib failure. 
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The third category of failure modes is diaphragm-to-edge member 
connections. Typical connections for SDRC diaphragms, as discussed 
previously, consist of arc-spot welds, headed shear studs or some 
combination of the two. Table 2 identifies multiple failure modes 
under each of the two connector types. Considering these sub-categories 
of failure is necessary when determining basic connector strength, 
however, general references to weld failure or stud failure will 
be made herein and will refer to the individual controlling mode. 
Predictive strength and stiffness expressions for each are presented 
in Section 4. 
3.6.1. Specimens failing in the diagonal tension mode 
In order for a SDRC diaphragm to carry sufficient load to 
fail by the formation of a diagonal tension crack, the shear transfer 
mechanism and the edge connectors must possess adequate strength, 
such that failure in one of those two modes does not occur. As 
stated in the preceding section, the strength level attained just 
prior to the formation of the diagonal tension crack represents 
the ultimate strength of a SDRC diaphragm. Once the crack forms, 
there is a significant drop in load carrying capacity and an associated 
decrease in stiffness. There may be measurable end slip between 
the concrete and deck prior to the formation of the crack, but 
the interface does not degrade significantly until after the diagonal 
tension crack occurs. 
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The experimental diaphragms were loaded with reversed cyclic 
loading as was explained and illustrated in Section 3.4. Typically 
a diagonal tension crack would occur while proceeding to a particular 
displacement level for the first time. Commonly, the load that 
was carried by the diaphragm when proceeding to the same displacement 
level, but in the opposite direction for the first time, would 
be approximately equal to the load carried prior to the formation 
of another diagonal tension crack. This new crack occured approxi­
mately perpendicular to the first diagonal tension crack, with 
a similar drop in load and reduction in stiffness. In general 
with additional cyclic displacements the load carrying capacity 
and stiffness rapidly decreased. 
In the preceding paragraph a failure scenario was given for 
SDRC diaphragms that fail in a diagonal tension mode. More detailed 
explanations for individual tests can be found in Reference [36,51, 
24]. Table 3 summarizes the failure modes for each of the experimen­
tal diaphragms that were tested in both phases of this research. 
3.6.2. Specimens failing in the edge connection mode 
A SDRC diaphragm that is attached to the supporting frame 
with arc-spot welds or headed shear studs may have its strength 
limited by a failure of the connectors. For the diaphragms that 
were attached with welds, and had their strength limited by weld 
failure, there was typically a measurable end slip between the 
deck and concrete. Also there was a visible separation along the 
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Table 3. Summary of experimental failure modes 
Diaphragm Failure Mode Diaphragm Failure Mode 
Number Number 
1 Diagonal tension 17 Shear transfer mechanism 
2 Diagonal tension 18 Diagonal tension 
3 Shear transfer mechanism 19 Diagonal tension 
4 Shear transfer mechanism 20 Shear transfer mechanism/ 
Edge connector 
5 Diagonal tension 21 Shear transfer mechanism/ 
Edge connector 
6 Shear transfer mechanism 22 Diagonal tension 
7 Shear transfer mechanism 23 Shear transfer mechanism/ 
Edge connector 
8 Edge connector 24 Diagonal tension 
9 Diagonal tension 25 Diagonal tension 
10 Diagonal tension 26 Diagonal tension 
11 Shear transfer mechanism 27 Edge connector 
12 Diagonal tension 28 Edge connector 
13 Diagonal tension 29 Diagonal tension 
14 Shear transfer mechanism 30 Edge connector 
15 Shear transfer mechanism/ 
Diagonal tension 
31 • Shear transfer mechanism/ 
Edge connector 
16 Diagonal tension 32 Shear transfer mechanism/ 
Edge connector 
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edge of the deck and concrete. This separation did not constitute 
a failure, however, since the shear transfer mechanism was still 
capable of transmitting load through the interface. If studs were 
used as the means of fastening the diaphragm to the edge members, 
the measureable end slip prior to failure was typically less than 
that of similar diaphragms with welded connections. If studs were 
placed on all sides of the diaphragm, this end slip was negligible 
in most cases. 
During testing of the experimental diaphragms that were fastened 
with arc-spot welds, the distinction between a shear transfer mechanism 
failure and an edge connections failure could not be made. This 
was because slip was prevalent for both types of failure and the 
welds could not be observed. Upon completion of the test the concrete 
was removed from the deck and the welds were exposed. If the welds 
were not failed, then the failure mode classification was the shear 
transfer mechanism. For the specimens that had a significant number 
of the welds failed, upon post-test inspection, the failure mode 
classification was a combination of edge connector and shear transfer 
mechanism. A more accurate classification was not possible since 
significant post-ultimate deflection was imposed on the diaphragms, 
which may have caused the welds to fail after the shear transfer 
mechanism failure limited the strength. 
3.6.3. Specimens failing in the shear transfer mechanism mode 
The shear transfer mechanism failure was only possible in 
SDRC diaphragms that were fastened with arc spot welds. Due to 
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the restraint provided by headed shear studs in the edge region, 
the shear transfer mechanism at the interface of the deck and con­
crete was not permitted to degrade. Stiffness and strength degrada­
tion behavior with cyclic loading was similar with diaphragms experi­
encing weld failure and shear transfer mechanism failures. Prins 
dealt extensively with the details of the shear transfer mechanism 
and more detailed discussions of individual test behavior may be 
found in Reference [51]. The following section deals with elemental 
testing, which was a vital part of the work by Prins [51] and Dodd 
[24], and is critical to predicted strength based on a shear transfer 
mechanism failure. 
3.7. Elemental Testing 
Elemental tests in the context of this research study consisted 
of specimens of SDRC, approximately 3 ft. x 3 ft. that were loaded 
as shown in Figure 19. The purpose of these tests was to determine 
strength and stiffness properties of the shear transfer mechanism. 
Prins [51] and Dodd [24] have reported extensively on these tests 
and the reader is referred to those documents for more complete 
details. 
Test specimens were constructed for each deck type and fastener 
arrangement that was used on a full-size diaphragm test. As can 
be seen from Figure 19, the load path is such that the shear transfer 
mechanism must carry the applied horizontal load. Specimens were 
constructed so as to model both a parallel and transverse segment 
of the diaphragm as shown in Figure 20. 
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Figure 19. Elemental push-off test set-up [51] 
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Figure 20. Relationship of edge zone to push-off specimens [51] 
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Results of the elemental tests, in their reduced form, are 
summarized in Table 4. The quantities presented represent parallel 
and transverse specimen strength and the area under the load vs. 
displacement curve at a displacement of 0.003 in. for both parallel 
and transverse specimens. All values are given a per inch of specimen 
basis. 
The elemental tests were applicable as models for those diaphragms 
that are constructed with arc-spot welds. Dodd [24] concluded 
that the tests were not applicable for modelling diaphragms that 
are fastened with studs. Failure modes observed in elemental testing 
corresponded well with those observed in the full-size diaphragm 
tests. 
3.8. Measured Results 
This section of the report presents various portions of the 
data that were collected during the experimental program. An effort 
has been made to present data that were useful in evaluating the 
behavior of a SDRC diaphragm and data that were compared to analytical 
expressions that are presented in Section 4. 
3.8.1. General 
As was indicated in Section 3.3, a large number and variety 
of data was collected for each diaphragm. Typical results of some 
of this data will be presented herein. Strains in the steel deck 
and concrete at similar locations will be presented. Relative 
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Table 4. Push-off test results by deck type 
Ultimate strength 
(lbs./in.) 
Energy input @ .003 in. 
(lb.-in./in.) 
Deck 
type 
Qppo. . 
parallel 
Qtpo 
transverse parallel transverse 
la 
2 
3 
f r '  
5 
SB 
6 
8 
9 
10 
11 
468 
2950 
493 
—b 
2583/ 
625 
211 
293 
563 
554 
404 
296 
308 
499 
6250 
454 
933 
__b 
fr' 
2583 
520 
627 
326 
521 
f ç '  
4019 531 
786 
437 
__b 
361 
0.66 
0.73 
__b 
0.96 
1.01 
0.58 
0.67 
0.87 
0.57 
0.50 
0.18 
0 .68  
0.39 
1.35 
_ _ b  
0.87 
0.93 
0.63 
0.93 
0.76 
0 .66  
0.78 
__b 
0.83 
^Determined from Ref. [15] pushout tests. 
^No elemental tests performed. 
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end slip between the steel deck and concrete and measurements to 
determine the length of the separation between the deck and concrete 
will also be presented. 
The premise that the load transfer from the framing members 
to the composite diaphragm takes place within a narrow region, 
referred to as the edge zone, was put forth in the first phase 
of the project [48]. As has been previously stated, when the deck 
is fastened to the frame using arc-spot welds, the load path must 
include the interface between the deck and concrete. An effort 
was made in this phase of the project to quantify the length of 
the interface. Two experimental approaches were taken to quantify 
the length of the interface. One was to instrument the steel deck 
and the surface of the concrete with bonded electrical resistance 
strain gages at corresponding locations on the diaphragm, as shown 
in Figure 6. The second method was the dip-stick approach described 
in Section 3.3 [51]. 
With the strain gaging technique one could approximately determine 
how much of the diaphragm was not fully composite. Figures 21-24 
give a graphical representation of the results of the technique. 
The location of the strain gages are given in Figure 21. Figures 
22-24 show plots of each set of corresponding gages. As long as 
the strains in the deck and concrete were similar in magnitude, 
the deck and concrete were considered to be acting compositely. 
That is the material bond at the interface had not fractured. 
strain Gage Distance from North 
Number Edge (in.) 
4.16 18 
5.17 36 
6.18 54 
Gages 4,5,6 located on bottom flange 
of steel deck. ^ 
Gages 16,17,18 located on top surface 
37 in. concrete. 
N 
Figure 21. Steel deck and concrete strain gage locations for Diaphragm 32 
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Figure 22. Strain vs. load point for Diaphragm 32 (gages 4,16) 
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Figure 23. Strain vs. load point for Diaphragm 32 (gages 5,17) 
400 
300 
a 200 
z 100 #—# 
i .  
-100 -
—200 ~ 
—300 — 
—400 " 0 
STRAIN GAGE READINGS 
DIAPHRAGM # 32 
lOVA STATE UNIVERSITY 
AMES IOWA 
GAGE 6 —I— 
GAGE 18 —# — 
10 20 50 60 70 30 40 
LOAD POINT # 
Figure 24. Strain vs. load point for Diaphragm 32 (gages 6,18) 
60 
CJl CJl 
56 
Once the bond fractured beyond the location of a pair of strain 
gages, then the steel deck exhibited a sharp increase in strain. 
This can be seen in Figure 22 at load point 30 and in Figure 23 
at approximately load point 68. In Figure 24 there is no significant 
deviation of the two gages which indicates the deck and concrete 
acted compositely through the load point range shown. This technique 
assumed that no cracking of the concrete had occurred, thus causing 
the steel-deck strains to change significantly. 
Figures 25-30 show results from a finer grid of steel-deck 
strain gages. The gage locations are shown in Figure 25. Figures 
26-30 show strain plots for two gages each. By noting the first 
point that the gages showed sharp increases in strain, one can 
follow the propagation of the separation between the steel deck 
and concrete. 
As indicated previously, the diaphragms that were fastened 
using headed shear studs did not exhibit the separation of the 
deck and concrete at the interface. This is true as long as diagonal 
tension cracks hadn't formed. The formation of such a crack was 
accompanied by a separation of the interface. Strain gage plots 
similar to Figures 22-24 indicated that prior to the formation 
of a diagonal tension crack no separation occurred. 
Relative slip between the steel deck and concrete was monitored 
at several locations as was indicated in Figure 5. These measurements 
were taken to determine the occurrence and magnitude of the relative 
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Figure 25, Steel deck strain gage locations for Diaphragm 32 
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slip at the interface of the steel deck and concrete. A plot of 
the slip at the north edge as a function of the distance from the 
east edge for Diaphragm 19 was presented [51] and is shown in Figure 
31. For diaphragms without studs this represents a typical distribu­
tion. One can see from the plot that the slip generally decreased 
with the increasing distance from the east edge and also increased 
with increasing displacement of the diaphragm. 
A plot of the dip-stick measurements is presented in Figure 
32. This technique was described in Section 3.3. The distances 
measured with the dip-stick should certainly be considered approxi­
mate. Recall from Section 3.3 that the actual separation distance 
was assumed to be 12 in. greater than the measured separation. 
3.8.2. Initial stiffness 
Initial or elastic stiffness values for each diaphragm were 
determined. These values were determined based on the first nominal 
displacement to 0.025 in. The total load for both actuators was 
divided by the displacement of the controlling DCDT in order to 
obtain the initial stiffness. Table 5 gives results for each of 
the diaphragms. No adjustments to the experimental stiffness values 
for test frame stiffness were made, since pre-test frame calibrations 
without an attached diaphragm, showed the frame to be relatively 
flexible. 
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Table 5. Summary of experimental results 
Initial Initial 
Diaphragm Stiffness Diaphragm Stiffness 
Number (kips/in.) Vu(kips) Number (kips/in.) Vu(kips) 
1 1800 168 17 2200 146 
2 2000 186 18 1700 161 
3 1600 98 19 1300 147 
4 1300 88 20 1300 95 
5 1700 116 21 1200 122 
6 2600 147 22 2100 169 
7 1500 137 23 1700 106 
8 1100 54 24 2100 163 
9 1900 220 25 1900 180 
10 1700 161 26 1700 87 
11 1600 95 27 2000 91 
12 1800 180 28 2000 119 
13 1900 250 29 2300 137 
14 1900 208 30 1900 115 
15 1300 103 31 1500 65 
16 1300 124 32 1000 60 
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3.8.3. Ultimate strength 
The ultimate load that was attained by each diaphragm test 
specimen is given in Table 5. Load and displacement were continu­
ously monitored at intervals of approximately one second during 
the displacement histories. This enabled the determination of 
peak load and corresponding displacement between load points. 
No adjustment to strength values based on test frame strength, 
without an attached diaphragm, were made, since frame calibration 
indicated that the load carried by the bare frame was approximately 
1 kip. This contribution was deemed negligible. 
3.8.4. Hysteretic behavior 
The behavior of diaphragms under cyclic loading is important 
information when considering their effectiveness as part of the 
lateral load resisting system in a building. Therefore, the load 
vs. displacement plot throughout the cyclic displacement history 
was recorded for each diaphragm test specimen. A typical plot 
was shown in Figure 8. 
In order to study the stiffness degradation under cyclic loading, 
load vs. displacement envelopes are plotted for both the initial 
or virgin loading and a stabilized load level. The determination 
of the stabilized load was discussed in Section 3.4. Figure 33 
shows an example of the virgin and stabilized load vs. displacement 
plot. In particular, the results from Diaphragm 21 are presented. 
Similar plots for the remaining diaphragms that were tested in 
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Figure 33. Virgin and stabilized load vs 
(Diaphragm 21) 
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the second phase of the research are presented in Figures A1-A21 
of the Appendix. As a further representation of stiffness degradation. 
Figures 34-35 show plots of stiffness vs. in-plane displacement 
levels. A further discussion as to the manner in which the hysteretic 
behavior influences design is presented in Section 5. 
2400.0 
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a 
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SLAB 10 1200.0 
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800.0 
to 
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Figure 34. Stiffness degradation for the last cycle of reversed 
loading at each displacement [24] 
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Figure 35. Stiffness degradation for the last cycle of reversed 
loading at each displacement [24] 
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4. ANALYTICAL INVESTIGATION 
4.1. General 
Analytical expressions are developed in this section of the 
report that enable the determination of the elastic or initial 
stiffness and the ultimate strength of a SDRC diaphragm. Previous 
research work is reviewed herein. This includes a review of the 
expressions developed in the first phase of the research, as reported 
by Porter and Greimann [48], and the modifications or extensions 
that have been previously developed in the current phase of the 
research as reported by Neil sen, Prins and Dodd [36,51,24]. Modifica­
tions and additions provided by this study are then presented and 
a comparison of analytical and experimental results is made. The 
changes that are required for formulating the design methodology 
discussed in Chapter 5 are presented and those results are discussed. 
4.2. Review of Previous Research 
The first phase of this research developed analytical expres­
sions to determine initial stiffness and strength of SDRC diaphragms 
[48]. Stiffness expressions were based on the idealization of 
the diaphragm as a deep beam, with the steel framing members forming 
the flanges and the composite diaphragm forming the web. Equations 
used to determine the ultimate strength consider three modes of 
failure, which are a diagonal tension mode, shear transfer mechanism 
mode and edge connector mode. 
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Both the stiffness and strength expressions were in part based 
on the edge zone concept that was presented by Porter and Greimann 
[48]. This concept recognized that for those specimens not having 
positive shear transfer devices, such as studs, the shear force 
must be transferred through the deck concrete interface. Further 
the concept considered that this transfer of shear occurred in 
a relatively narrow band or zone around the perimeter of the diaphragm, 
thus the name edge zone. The edge zone is shown schematically 
in Figure 36. 
The total stiffness of the SDRC diaphragm is given by 
1 
i t JL t J- (4-1) 
Kb KS Kz 
• where 
Kj = total initial stiffness 
Kg = bending stiffness component 
Ks = shear stiffness component 
Kz = edge zone stiffness component 
Specific expressions for each of the terms are formulated in Sections 
4.3.7 of this report, since the basic approach herein is the same 
as that given by Porter and Greimann [48]. The relationship between 
the applied force on the diaphragm and the force on the edge zone 
was based on force distributions that were determined from an elastic 
finite element analysis that was performed using a general purpose 
Figure 36. Idealized edge zone [48] 
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finite element code (SAPIV). Figure 37 shows the edge force distribu­
tion determined from the finite element analysis and Figure 38 
shows the idealized edge forces [48]. 
The edge force distributions were also used for ultimate strength 
calculations in assessing the capacity based on shear transfer 
mechanism failure or edge connector failure. However, the edge 
force distributions were assumed since an inelastic analysis was 
not performed. Figure 39 shows the assumed idealized edge force 
distribution. Further development of this technique is presented 
in Section 4.3.7 of this study. 
Results as tabulated in Reference [48] generally indicate 
a reasonable agreement between experimental and analytical methods 
for most tests. The strength predictions were within 10 percent 
of the experimental strength for six of the nine tests. Only one 
test, however, was configured in such a way that an edge connector 
failure was possible and the predicted strength was 46 percent 
higher than the experimental strength. The edge connectors for 
this test were headed shear studs. The stiffness prediction tended 
to give results that were significantly stiffer than the experimental 
results for those specimens that were heavily studded. 
The analytical work begun in the first phase of the research 
was expanded and modified in the current phase by Neil sen [36], 
Prins [51] and Dodd [24]. Since the original analytical work was 
based on a limited number of tests, additional experimental and 
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analytical work was required in order to adequately predict the 
stiffness and strength of SDRC diaphragms. Neil sen [36] concentrated 
on the effect of combining in-plane load with gravity loading. 
Prins [51] dealt with the elemental tests and their application 
to the full-size diaphragm. Dodd [24] studied the effect of edge 
fasteners on the SDRC diaphragm. A discussion of each of these 
three studies follows. 
Neil sen [36] studied the effect of combined in-plane and gravity 
loading on the SDRC diaphragms. Comparisons were made between 
similar diaphragm specimens with and without the application of 
vertical load. Modifications to the strength expressions for the 
shear transfer mechanism mode were made in his study. Neil sen 
[36] concluded that the added vertical load had no effect on specimens 
that exhibited a diagonal tension failure, but increased the capacity 
for some specimens that failed in the shear transfer mechanism 
mode. This increase in capacity was thought to be the result of 
increasing the frictional component at the interface by adding 
vertical load. The effect of vertical load on edge fastener failures 
was not investigated. Neilsen [36] also concluded that the presence 
of vertical load tended to reduce the rate of stiffness degradation 
in SDRC diaphragms. 
Prins [51] investigated different elemental test arrangements 
and concluded that the elemental push-off arrangement, as shown 
in Figure 19, most accurately modeled the shear transfer mechanism. 
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Since the elemental test was only applicable to specimens failing 
in the shear transfer mechanism mode, a great deal of attention 
was given to determining the length of the edge zone. Both experi­
mental and analytical determinations were made. Prins [51] concluded 
that the edge distance increased as a function of deck thickness 
and the ratio of corrugation pitch to total length of deck profile 
in one corrugation. Of the different techniques investigated, 
the one used by Prins [51] in his analytical work was an expression 
determined from a curvilinear regression through experimentally 
gathered data points. This expression is given by 
b' = 115 (ts d/s)0.5 (4-2) 
where b' = edge zone length 
tg = steel deck thickness 
d = corrugation spacing 
s = total length of deck (perimeter) 
per corrugation. 
Modifications were also made to the analytical expression 
for initial stiffness and strength. Conclusions of significance 
include the following: 
• "Push-off test results were reasonably consistent, and their 
behavior matched that occurring in the full-size diaphragm". 
• "It is important that the diaphragm slab be connected to 
edge beams on all four sides to avoid a flexural failure 
of the composite slab". 
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• "The number and spacing of weld connections does not sig­
nificantly affect interfacial behavior" [51]. 
The effect of edge fasteners on SDRC diaphragm was investigated 
by Dodd [24]. Comparisons were made between similar diaphragms 
with different arrangements of fasteners. For studded specimens, 
Dodd [24] concluded that the elemental push-off test did not adequately 
model the forces on the diaphragm and therefore were not utilized 
for diaphragms with studs. Instead, an empirical stud load-deflection 
curve developed by Ollgaard, SI utter and Fisher [40] was used for 
initial stiffness expressions. This expression is given by 
Qst = Qsol ( l -e- 1 8 A ) 0 . 4  ( 4 - 3 )  
where Qst = load on stud connector 
Qsol = strength of a stud connector embedded in a 
solid slab 
A = displacement 
The strength equations used stud strength expressions developed 
at Lehigh University [40,26,27]. Reductions for edge distance, 
deck orientation and stud spacing were made where applicable as 
discussed in References [40,26,35]. The strength of a stud in 
a solid slab was given by 
Qsol = 0.00666 Ast fcO-^EcO'** (4-4) 
where Ast = cross-sectional area of a stud (in?) 
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fc = concrete compressive strength (psi) 
Ec = concrete modulus of elasticity (psi) 
Equations for modifying the strength in order to account for the 
effects of rib heighth and width, stud length, number of studs 
per rib and studs placed in a transverse rib are given in References 
[3,4]. 
Further conclusions of significance made by Dodd [24] included: 
• "When the edge fastener spacing was changed, the initial 
stiffness, ultimate capacity, and failure mode were affected 
with all deck types tested". 
• "Deck thickness did not have a significant effect on edge 
zone distance when studs were used. 
• "For diaphragms with deck types that typically fail in diago­
nal tension, edge fastener type did not significantly effect 
the overall behavior of the slab, based on the results of 
this study." 
4.3. Proposed Analytical Method 
This section of the report describes the analytical techniques 
that have been developed to predict the initial stiffness and ultimate 
strength of SDRC diaphragms. The basic philosophy or approach 
taken was similar to that developed by Porter and Greimann [48]. 
Extensions and modifications have been made and are presented herein. 
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4.3.1. General 
As was discussed in Section 4.2, the edge zone concept was 
used by Porter and Greimann [48] in developing analytical expressions, 
and this approach was also used in the current development. The 
critical part of this approach was the determinations of diaphragm 
edge forces, which were then related to the applied force through 
geometric and equilibrium relationships. Elastic edge force distribu­
tions were used to determine the initial stiffness expressions 
and inelastic edge force distributions were used to determine the 
ultimate strength expressions. The inelastic edge force distributions 
were determined from a nonlinear finite element analysis. This 
differed from all prior work on this project in that the inelastic 
edge force distributions were previously assumed. 
The idea of using edge force distributions to determine the 
strength of a SDRC diaphragm when edge fasteners control was easily 
accepted. However, when this concept was applied to determine 
strength based on the controlling mode of failure being the shear 
transfer mechanism the visualization of the process was not as 
clear. In order to aid the understanding of the application of 
the process a brief explanation follows. As was previously described, 
diaphragms fastened with arc-spot welds must transfer load through 
the deck-to-concrete interface. Experimental evidence, discussed 
in Section 3, has shown that this transfer occurs in a finite region 
defined as the edge zone. The strength and stiffness for analytical 
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purposes were, however, considered lumped at the edge of the diaphragm. 
Strength and stiffness results obtained from the elemental push-off 
tests were reported as edge values in a per inch of loaded length. 
Although not explicitly described as such, this was the same approach 
used by Porter, Greimann, Neilsen, Prins and Dodd [48,36,51,24]. 
The remainder of this section presents the details of the 
finite element model used to determine the inelastic edge forces 
and presents the development of strength and stiffness expressions. 
Comparisons between the experimental and analytical results are 
included. A different model was used to develop the edge force 
distributions used for the design model, which supports the design 
recommendations in Section 5. This model is also described and 
results presented that reflect the influence of certain design 
parameters. 
4.3.2. Finite element model 
The finite element model used to represent the SDRC diaphragms 
is described in this section. A general purpose finite element 
code (ANSYS) developed by Swanson Analysis Systems, Inc. (SASI) 
[57,58] was used in the analysis procedure. Specific details of 
the elements are given in the following sub-sections. 
A two-dimensional analysis was selected for this study, since 
in-plane loading effects were thought to be primarily two-dimensional. 
Out-of-plane effects such as combined gravity loading and load 
application eccentricity were not considered, as they were assumed 
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to have minimal influence. Validating these assumptions may be 
a topic for future consideration. 
Certain inelastic material behavior was incorporated in the 
finite element model. Fasteners provided one significant source 
of nonlinearity as did the deck-to-concrete interface for the welded 
specimens. The concrete was not modeled with nonlinear properties, 
because for the most part the specimens exhibiting a diagonal tension 
failure were the only ones that had significant, strength limiting 
cracks develop. The predicted strength for the diagonal tension 
mode was not considered to be a function of the edge force distribu­
tion. Most specimens had some minor localized cracking that did 
not limit the strength of the systems. Cracking that occurred 
in conjunction with corbel failure was accounted for in the elemental 
push-off test and cracking around the shear studs could be accounted 
for with the force vs. displacement relationship for a particular 
fastener model. 
4.3.2.1. Steel deck Steel deck sections, although constructed 
from an isotropic material, exhibit anisotropic behavior due to 
the presence of the corrugated profile. Since the analysis is 
two-dimensional, elastic constants for the equivalent flat structure 
must be determined. As discussed in Section 2, finite element 
analyses of steel-deck diaphragms was carried out at Cornell University 
[39,12]. As part of this analysis, which was also two-dimensional, 
expressions were developed for the equivalent flat sheet orthotropic 
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elastic constants. Their results and methods were used in this 
study. 
In order to define the elastic constants, two principal direc­
tions of orthotropy were defined. These are referred to below 
as the longitudinal and transverse directions corresponding naturally 
to the parallel and transverse orientation of the corrugated flutes 
of the deck. In general, the elastic constants were formulated 
as functions of the base material constants, corrugation geometry, 
and for the effective shear modulus, the end fastening conditions. 
Expressions for the elastic constants are given below. (The reader 
is referred to Reference [12] for a more complete discussion regarding 
the derivations.) 
EL = f Eo (4-5) 
where 
El = effective elastic modulus for the flat 
sheet in the longitudinal direction 
Eq = elastic modulus for base material 
p' = developed width of one corrugation 
p = pitch of corrugation 
Two expressions for the transverse elastic modulus were given [12]. 
= T (4-6) 
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where 
Ej = effective elastic modulus in the transverse direction 
Iq = t3/12 moment of inertia about the corrugations 
own plane 
t = steel sheet thickness 
I = moment of inertia about the neutral axis of the 
corrugation cross section 
or 
c = JO / 2t x2 1 (4-7) 
^ ® ^ [1 + 1.234 (^)2] 
where 
h = corrugation height 
Equation (4-7) was provided as an option since the determination 
of I in Eq. (4-6) is often very tedious. 
\t = ^0 (4-8) 
where 
vlt = principal Poisson's ratio 
Vq = Poisson's ratio for base material 
''TL = \T ËJ = ^0 E[ (4-9) 
where 
= secondary poisson's ratio 
A lengthy discussion on determination of the effective shear 
modulus was included in Reference [12]. The effective shear modulus 
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for a steel-deck diaphragm depends significantly on the discrete 
end attachments. For the unfilled steel-deck diaphragms these 
attachments are frequently spaced greater than one corrugation 
pitch. In this study the spacing for end weld attachments was 
considered to be one corrugation pitch at the most. Therefore 
the simplest form for the effective shear modulus in Reference 
[12] was applicable and given by 
Geff ~ (4-10) 
where 
Gq = base material shear modulus. 
This expression was also presented in a slightly modified form 
by Hussain and Libove [28]. 
The finite element used to represent the steel deck in this 
study was a linear four-node isoparametric plane stress element 
(ANSYS-STIF42) to which orthotropic properties could be assigned. 
One subtlety regarding the use of this element for orthotropic 
applications warrants attention. Since the constituitive matrix 
was required to be symmetric, only one of the two Poisson ratios 
was given as input for the element and is defined as NUXY, which 
one would expect to be associated with Ex in the plane stress consti­
tuitive matrix given by 
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[E]-l = 
1 -VyX 
Ey 
-Vxy 1 
X
 
lu
j 
Ey 
0 0 
'xy 
(4-11) 
However, the constituitive matrix used in the formulation of this 
element in ANSYS [58] is given by 
-V, 
[E]-l = 
1 
Ex 
-V 2LZ 
xy 
1 0 
hy 
(4-12) 
Thus, if X is defined as the primary direction, the secondary Poisson 
ratio should be given as input to STIF42. This point was not clear 
in the user's manual [57]. 
4.3.2.2. Concrete fill The concrete fill placed over 
the steel deck was modeled as a linear isotropic material. Elastic 
constants were determined using the guidelines of References [2] 
and [41]. The elastic modulus was given by [2] 
Ec = 33 wl.5 f'cO'5 (4-13) 
where 
Ec = modulus of elasticity for concrete (psi) 
w = unit weight of concrete (pcfj 
fc' = compressive strength of concrete (psi) 
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According to Park and Paul ay [41], Poisson's ratio for concrete 
can be taken between 0.1 and 0.3. The thickness used for the concrete 
was the average measured thickness along the edge of the diaphragm, 
considering the trapezoidal shape of the filled deck. 
As with the deck, a linear four node isoparametric plane stress 
finite element (STIF42) was used to model the concrete. 
4.3.2.3. Frame members Perimeter framing members were 
modeled using a linear two-dimensional beam element (STIF3). Elastic 
constants and geometric properties were assigned according to the 
section used in the analysis. Since the analysis was planar, the 
edge member section properties about the weak axis were used in 
the modeling of the diaphragms. 
4.3.2.4. Edge fasteners Two types of edge fasteners were 
considered in the experimental phase of this study. Those two 
types were arc spot welds and headed shear studs. Both were modeled 
in a similar manner for analytical purposes. At any point where 
a fastener was modeled, two one-dimensional, lengthless, nonlinear, 
force-displacement elements (STIF39) were used. 
Each connection was assigned a force-displacement relationship 
in the x and y directions. These two elements were independent, 
that is they were not coupled in any way. This type of application 
ignores any interaction in the two orthogonal directions, however. 
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the interaction was somewhat accounted for, by considering previous 
results [48], as will be discussed in Section 4.3.3. The test 
data was used to describe the force vs. displacement relation assigned 
to the elements. Several different curves were used and are described 
in Section 4.3.3. 
4.3.2.5. Deck-to-concrete interface The interface between 
the steel deck and concrete was another source of nonlinearity. 
In reality it is a surface phenomenon, but for modeling purposes 
in this study it was treated discretely. As with the connections, 
two one-dimensional, lengthless, nonlinear, force-displacement 
elements were used at each location where the interface was modeled. 
Since the effect was lumped at discrete locations a tributary area 
approach was used to assign specific properties to the elements. 
The specific force vs. displacement relationships are described 
in Section 4.3.3. 
4.3.2.6. Solution technique For solution of nonlinear 
equations involved in plasticity problems, ANSYS typically uses 
an initial stress approach, where the stiffness matrix remains 
unchanged and the nonlinearity is accounted for by an updated load 
vector term [58]. For problems using STIF39, however, a tangent 
modulus approach is used. 
The load vs. displacement relation given as input for STIF39 
is a multilinear curve. During the stiffness formulation, the 
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displacements for the preceding iteration were used to determine 
which segment of the force-displacement curve was active and the 
stiffness matrix was then formulated accordingly. In the stress 
pass the displacements for the current iterations were used to 
determine which segment of the force-displacement curve should 
be active. If the segment in the stiffness pass was not the same 
as the one in the stress pass, the solution was not converged and 
another iteration occurred. All elements had to be converged before 
the solution was considered converged. 
4.3.3. Application and verification of finite element model 
The primary purpose of the finite element analysis was to 
determine the edge force distributions that were needed for the 
development of the predictive equations. In order to lend credence 
to the model and thus the results, particular analytical and experimen­
tal tests were modeled and an attempt was made to correlate the 
results. Specific details of the modeling along with the results 
of the analysis are presented in this section. 
4.3.3.1. Diaphragm 20 Diaphragm 20 was constructed with 
a 2.5 in. deep, 20 gage steel deck and had a concrete cover of 
3.05 in. above the top flange of the deck. The deck was fastened 
to the framing members with 40 arc spot welds of 0.75 in. diameter. 
Other test parameters were included in Table 2. The selection 
of Diaphragm 20 as the initial analytical model was somewhat arbitrary 
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although a diaphragm that exhibited a shear transfer mechanism 
was targeted as one of the models. Diaphragm 20 failed in this 
mode and, in addition, was not as heavily welded as some of the 
other diaphragms that failed by means of the shear transfer mechanism 
which also made it a desirable choice. 
The finite element idealization is shown in Figure 40. An 
exploded view is provided for clarity, but the model is defined 
in two dimensions. Element properties were assigned following 
the outline in Section 4.3.2. 
Properties assigned to the plane stress elements representing 
the steel deck were: 
El = 33,000 ksi Ej = 2 ksi Ggff = 9393 ksi 
vlj = 0.3 vjL = 0.0000182 tg = 0.035 in. 
Concrete properties assigned to the plane stress elements 
used to represent the concrete cover were: 
Ex = Ey = 3400 ksi Vxy = 0.28 = 4.0 in. 
The assignment of Poisson's ratio of 0.28, which is somewhat higher 
than the typical value, was made as an attempt to artificially 
soften the concrete elements. The analytical elements were stiffer 
than the experimental specimen, due to the fact that cracking was 
not considered in the finite element. The value of 0.28 was still 
within the range of 0.1 - 0.3 cited by Park and Pauley [41]. Further 
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Figure 40. Finite element model for experimental diaphragms 
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Chen [20] stated that as stresses reach 0.8 f'c. Poisson's ratio 
becomes larger and values of 0.5 are approachable. 
Framing members were assigned the following properties: 
which correspond to a W24x76 shape. Values for the moment of inertia 
and depth were considered about the weak axis of the member, thus 
ly and bf were used for ly and d respectively. 
The general availability of test data from which information 
could be drawn regarding the load vs. displacement behavior of 
welded connections was somewhat limited. Reference [12] contained 
a load vs. displacement curve for a one inch diameter arc-spot 
weld in 16 gage material attached to heavier steel plate. The 
curve is actually interpolated from another weld test made with 
14 gauge sheeting. Reference [33] contained a figure of a typical 
load vs. displacement curve and provided a curve in which the elastic 
stiffness could be obtained for various deck thicknesses. This 
curve was determined only for 5/8 in. diameter arc-spot welds. 
Ultimate shear strength values obtained from test results were 
also given for various weld diameters and sheet thicknesses [33]. 
The yield stress of the sheet material used in Reference [33] ranged 
between 46.00 and 50.54 ksi. 
5% = Ey  = 29000 ksi 
Ix = 82.5 in4 
Vxy = 0.3 
d = 9.0 in 
A = 22.4 in.2 
96 
Using the information from References [12,33,6] analytical 
weld curves were constructed. Elastic stiffness values were deter­
mined from Reference [33] and strength values were determined from 
Reference [6]. The general shape of the curves in References [12] 
and [33] was used, along with elastic stiffness and strength values, 
and a model weld curve was constructed. Figure 41 shows the weld 
curve used for Model 20-A, which is the designation herein for 
the initial analysis of Diaphragm 20. Additional analyses of Diaphragm 
20 were made using different weld and interface curves. 
In each case the strength of the weld curve was determined 
by considering the perpendicular vector summation of forces to 
be acting on the weld. Based on preliminary analyses [48] the 
critical fasteners had approximately equal forces acting in both 
the X and y directions. Thus the assumption was made that the 
strength assigned to the weld curve would be the weld strength 
determined in Reference [6] multiplied by 0.7071, which assumes 
the maximum force to be acting at 45° to the x and y elements. 
An exception was the weld curve for Model 20-A, which was obtained 
from Reference [12] and used for the initial analysis. The elastic 
stiffness values were determined by considering all fasteners to 
be acting in parallel, thus the stiffness obtained from Reference 
[33] was multiplied by the ratio of the number of fasteners on 
the experimental diaphragms to the number of fasteners used in 
the finite element model. This same ratio was also used to modify 
the base weld strength. 
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Figure 41. Load vs. displacement for Weld Curve No. 1 model 
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Figure 42. Load vs. displacement for Weld Curve No. 2 model 
98 
WELD CURVE No. 3 
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Figure 43. Load vs. displacement for Weld Curve No. 3 model 
0.074 
0.037 
0.001 Displacement (in.) 0 . 2  
Figure 44. Load vs. Displacement for interfacial spring [51] 
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The deck-to-concrete interface was perhaps the most difficult 
portion of the model to describe with an analytical load vs. displace­
ment relationship. Information from the elemental testing performed 
by Prins [51] was utilized. Prins described the interface with 
the load displacement relationship shown in Figure 44, which was 
arbitrarily defined, but influenced by the behavior of the elemental 
test results. This curve was modified slightly, as shown in Figure 
45 and used for Model 20-A. 
One point to be emphasized is that the relationships used 
for the deck-to-concrete interface should be considered very approxi­
mate. The elemental push-off tests were not designed to yield 
load vs. displacement information of the type that was required 
for the finite element analysis. At the time of this study no 
way of experimentally obtaining such load vs. displacement informa­
tion was known to exist. Development of a basic test method for 
this purpose would be very beneficial for future analysis. 
Model 20-B differed from Model 20-A in that different load 
vs. displacement relationships were assigned to the welds and to 
the interface. Figure 42 shows the weld curve used and Figure 
46 shows the interface curve used for Model 20-B. 
Model 20-C differed from Model 20-B only in that the interface 
load vs. displacement curve shown in Figure 45 was used instead 
of the one shown in Figure 46. 
The weld curve shown in Figure 42 was obtained similar to 
that of Figure 41, with the principal difference being that the 
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Figure 45. Load vs. displacement for Interface Curve No. 1 model 
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Figure 46. Load vs. displacement for Interface Curve No. 3 model 
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stiffness and strength were more closely matched with what was 
thought to be a better representation of the experimental test. 
Differences in the number of welds for the test vs. the number 
of welds in the model were more accurately considered than with 
the first weld curve. 
After reviewing the elemental data the interface curve in 
Figure 46 was constructed. The basis for the change was that the 
second segment of the curve in Figure 45 appear to be stiffer and 
attain greater strength than shown in the typical elemental test. 
Load vs. displacement results for each of the three analytical 
models, which had displacement as input at the two locations shown 
in Figure 40, and the experimental test results up to ultimate 
load, are shown in Figure 47. Note the virtually identical plots 
for Model 20-B and Model 20-C, in which the only difference was 
the interface curve used in each model. Also, note the influence 
of changing the weld curve from Model 20-A to Model 20-B and Model 
20-C. The significant dependence of the behavior of the diaphragms 
on the weld load vs. displacement characteristics was apparent. 
Based on the load vs. displacement curves and on the modeling limitation, 
the results were deemed reasonable. Further comparisons between 
the analytical and experimental results follow. 
Edge force distributions for Model 20-B are shown in Figures 
48 and 49. Note that in each case the load increases from the 
corner fastener and peaks a short distance from the corner. This 
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Figure 48. Elastic edge force distribution from finite element 
analysis for Model 20-B 
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Figure 49. Inelastic edge force distribution from finite element 
analysis for Model 20-B 
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was consistent with test results that showed the corner fasteners, 
on the south edge did not fail, while those a distance in from 
the corner did fail. 
Figure 48 was for the initial displacement increment which 
was considered to be the elastic level and Figure 49 was for the 
final displacement increment which was well into the inelastic 
range of behavior. Edge force distributions for the remaining 
models were similar in shape but had different magnitudes for the 
peak values on the curves. These values are utilized later in 
this section and are tabulated for each analytical model in Table 
6 .  
Figures 50 and 51 show interface element displacement results 
for the elastic and inelastic levels of diaphragm displacement 
respectively. These results were qualitatively comparable to the 
experimental results in that the slip originated near the corners 
and propogated along the edge with increasing levels of diaphragm 
displacement. The magnitudes of the experimental slip were greater 
than the analytical results, indicating that the prescribed load 
vs. displacement relationship for the interface elements was too stiff. 
4.3.3.2. Diaphragm 31 After the analysis on Diaphragm 
20 was performed, an additional experimental diaphragm was selected 
for analysis. The choice of Diaphragm 31 was made since it was 
welded with a number of fasteners that enabled a connection failure 
to occur. 
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Table 6. Edge force ratios 
Model 
Elastic 
qt/qt' qp/qp' 
Inelastic 
qt/qt' qp/qp' 
20-A 1.92 1.14 1.64 1.09 
20-B 1.53 1.1 1.78 1.14 
20-C 1.94 1.1 1.94 1.12 
31-A 1.63 0.68 1.61 0.58 
31-B 1.87 0.66 1.89 0.69 
31-C 2.35 0.67 1.87 0.69 
32-A 2.24 0.91 1.52 1.0 
25-A 5.64 1.73 5.97 1.9 
27-A 6.19 0.24 6.05 0.34 
DES-A 1.61 1.50 1.6 1.13 
DES-B 1.55 1.52 1.66 1.16 
DES-C 2.75 0.83 2.78 0.63 
DES-D 0.88 2.59 0.91 2.39 
14x22 2.16 1.55 1.15 1.11 
24x76 1.54 1.32 1.01 1.0 
24x131 1.33 1.22 __a __a 
27x178 1.29 1.21 __a __a 
30x211 1.27 1.20 __a __a 
36x245 1.25 1.19 __a __a 
^Inelastic analysis not made. 
O- interface displacement greater than 0.0005 in. 
x-directi on elements y-directi on elements 
(p <p (p 
0 0 Q 
O 
-e-@ 
-é-é 
c 
Figure 50. Elastic interface displacements from finite element 
analysis for Model 20-B 
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Figure 51. Inelastic interface displacements from finite element 
analysis for Model 20-B 
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Diaphragm 31 was constructed with a three inch deep, 20 gauge 
steel deck and had a concrete cover of 2.75 in. above the top flange 
of the deck. The deck was fastened with 23 arc-spot welds along 
the north and south edges and 13 arc-spot welds along the east 
and west edges. (Refer to Figure 3 for orientation of members). 
The finite element idealization was the same as shown in Figure 
40. Element properties were obtained in a similar manner to those 
for Diaphragm 20 models except for the weld load displacement curves. 
The interface curve shown in Figure 45 was used for Models 31-A, 
31-B and 31-C. Model 31-A used the weld curves in Figures 43 and 
52. These curves were significantly different in order to reflect 
the different fastener spacing along each side of the experimental 
diaphragm. These weld curves were modified for Models 31-B and 
31-C as discussed below. Load vs. displacement results are shown 
in Figure 54. 
The only differences between Models 31-A, 31-B and 31-C were 
in the stiffness values assigned to the initial segment of the 
load vs. displacement curve for the welds. These values were increased 
arbitrarily by factors of approximately 2 and 3 for Models 31-B 
and 31-C respectively. 
There were two reasons for these increases. One was that 
the steel yield strength used for Diaphragm 31 was 87 ksi, which 
was considerably greater than the range of 46 - 50.54 ksi used 
in Reference [33]. Secondly, examination of photographs of weld 
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Figure 52. Load vs. displacement for Weld Curve No. 4 model 
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Figure 53. Load vs. displacement for Weld Curve No. 5 model 
DIAPHRAGM 31 LOAD vs. DISPLACEMENT 
Legend 
• EXPERIMENTAL 
Q MODEL 31-A 
• MODEL 31-B 
o MODEL 31-C 
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 
DISPLACEMENT (In.) 
Figure 54. Experiment and analytical load vs. displacement results 
for Diaphragm 31 
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details for Diaphragm 31 indicated that the weld diameter was approxi­
mately 0.95 in., which was also significantly greater than 0.625 
in. diameter used in Reference [33]. The idea that there exists 
a relationship between weld stiffness and the strength of the base 
sheet steel and diameter of the weld was considered logical. This 
was so since one of the limiting modes of failure for arc-spot 
welds was identified in Reference [60] as yielding of the sheet 
adjacent to the weld. In fact, three of the four modes of failure 
for arc-spot welds used to connect sheet steel to heavier steel 
sections were given as functions of the sheet steel [6]. 
Edge force distributions for the Diaphragm 31 models were 
similar in shape to those of the Diaphragm 20 models. The edge 
force ratios for the Diaphragm 31 models are tabulated in Table 6. 
4.3.3.3. Diaphragms 25, 27 and 32 In addition to Diaphragms 
20 and 31, three other experimental diaphragms were modeled and 
analyzed, although not to the extent of the previous two. These 
additional diaphragms were 25, 27 and 31. Diaphragm 25 was selected 
since shear studs were used as fasteners. Diaphragm 27 was selected 
since it had studs along two edges and welds along the other two 
edges. The final experimental specimen. Diaphragm 32, had much 
more flexible edge beams than did any of the other tests, therefore 
it was also selected for analysis. Each of the three diaphragms 
were modeled similar to the previous two, while taking into account 
any differences in the test parameters for the particular diaphragm. 
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The principal difference was for the studded specimens. An 
empirical load vs. displacement curve for the studs given by Eq. 
(4-3), which was developed in Reference [40], was used to describe 
the fastener elements. Edge distance and rib geometry reductions 
were taken into account. These reductions are described in more 
detail in Section 4.3.6.2. Additionally, the model was modified 
to remove the steel deck and interface elements. This was deemed 
appropriate since experimental evidence showed that slip was negligi­
ble for the studded specimens prior to failure. 
Edge force ratio results are given in Table 6. The inelastic 
results listed for the models of Diaphragms 25 and 27 were not 
determined from displacement levels that corresponded to the failure 
displacement of the experimental diaphragms, as the other models 
did. These models were only displaced through the first several 
displacement increments. Once the slope of the model load vs. 
displacement results was reduced significantly, which represented 
the onset of inelastic behavior, the analysis was discontinued. 
4.3.4. Design model 
A principal objective of this research study was to develop 
design recommendations for SDRC diaphragms that provided expressions 
for stiffness and strength prediction. In order to support these 
expressions the edge member force distributions similar to those 
determined in Section 4.3.3 were needed. Modifications to the 
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finite element model were made in order to reflect a floor configura­
tion that was thought to be more representative of a typical diaphragm. 
These modifications along with the influence of key parameters 
are discussed in this section. 
4.3.4.1. Model description The finite element idealization 
for the design model is shown in Figure 55. Element properties 
were assigned in a manner similar to those for the models of previous 
diaphragms. The main difference between the previous models and 
the design models was that different boundary conditions were used 
and corner elements were removed for the design model. 
For the boundary conditions on the design model two corners 
were restrained from translation in two directions. This is in 
contrast to the previous models that had an entire edge restrained. 
In addition to removing the restraint, additional framing members 
were added along the edge. 
In most diaphragm applications there would likely be columns 
at the corners of the diaphragm. This feature was incorporated 
into the design model by removing the corner fasteners, steel deck, 
concrete and interface elements which would not be used if a column 
was present. 
One further modification to the design model was made. Previous 
analysis indicated essentially no force being carried by the interior 
interface elements that were located a distance away from the edge. 
In order to improve the run time, the interior grid of 25 x and 
y interface elements was removed. The transiational degrees of 
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freedom for the coincident nodes were rigidly coupled at these 
locations. 
Fastener elements were assigned one of the relations shown 
in Figures 41 and 53. Interface elements were assigned the load 
vs. displacement relations shown in Figure 45. 
Four different analyses were made with the design model described 
above. The differences were either in the fastener scheme or deck 
orientation. Model DES-A used an equal number of fasteners along 
all edges, which were assigned the load vs. displacement relationship 
shown in Figure 41. The steel deck for model DES-A had the corrugations 
oriented perpendicular to the direction of the imposed displacement. 
Model DES-B was similar to DES-A except for the orientation of 
the steel deck which was parallel to the imposed displacement. 
Model DES-C was similar to DES-A, with the exception of the fastener 
arrangement. For model DES-C the fasteners along the east and 
west edges, referring to Figure 3, were half in number of those 
along the other two edges. Model DES-D was also similar to DES-A, 
except the number of fasteners along the east and west edge was 
twice that of the other two edges. The weld curve in Figure 53 
was used for the sides with the lesser number of fasteners in both 
models DES-C and DES-D. 
In order to study the effects of frame member size and aspect 
ratio on the parameters a' and b', which are defined in Figures 
38 and 39, several runs were carried out. The design model was 
modified for these runs in that the deck and interface elements 
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Figure 55. Finite element model for design model 
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were removed. Initial results indicated that removing these elements 
did little to effect the determination of b', although by removing 
the deck J the values at a' seemed to decrease by about 20 percent 
for the inelastic distributions. 
4.3.4.2. Design model results Load vs. displacement plots 
for each of the four tests are shown in Figure 56 and edge force 
distributions for model DES-A are shown in Figures 57 and 58. 
The edge force distribution for each of the design model runs had 
similar shapes but the magnitudes of the peak values on the curves 
varied. These values are tabulated in Table 6. 
Models DES-A and DES-B were used to study the influence of 
the steel deck orientation on the edge force distributions and 
the stiffness of the diaphragm. From the load vs. displacement 
plot in Figure 56, one can see that there was virtually no difference 
in the response of the model diaphragm when only the deck orientation 
differs. By studying the edge force ratios in Table 6 one can 
see that there was no significant difference in the values when 
comparing Models DES-A and DES-B. An important point to recall 
is that the definitions of q^, qp, qt' and qp' were dependent on 
the orientation of the deck, as was illustrated in Figure 38. 
The number of fasteners were varied between models DES-A, 
DES-C and DES-D. DES-A had an equal number of fasteners along 
all edges of the model. Model DES-C had twice as many fasteners 
along the edges at the ends of the deck sections than along the 
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Figure 56. Analytical load vs. displacement results for design model 
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analysis for Model DES-A 
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edges parallel to the sides of the sheets. The pattern of fasteners 
for model DES-D was simply reversed from that of model DES-C. 
Figure 56 shows the relative effects of each of the patterns. 
Model DES-A was both stiffer and able to carry greater load than 
models DES-C or DES-D, which was plainly expected. A comparison 
between models DES-C and DES-D illustrates the effect of providing 
a greater number of fastener at the sides of the deck sheets than 
at the ends. The influence of the orthotropic nature of the deck 
was evident, in that greater forces were attracted to the ends 
of the deck than to the sides. If the orthotropic behavior of 
the deck were not considered, one would expect the load vs. displace­
ment curves for Models DES-C and DES-D to be the same. 
The distances a' and b', which were defined in Figures 38 
and 39, were thought to be dependent on the stiffness about the 
weak axis of the framing members. This hypothesis was supported 
by the results in Figures 59-62, where a' or b' was considered 
as the point where a straight line drawn through each elastic curve 
intercepts the beam length axis. These straight lines were con­
structed by creating a triangular area that would approximately 
equal the area under the curve. Figures 59 and 61 serve to illustrate 
three-points. One is that the distances a' and b' did vary with 
edge member size. Secondly, there was little difference between 
the elastic and inelastic values of a' and b'. Lastly, the two 
figures show that a' and b' were virtually equal for a given edge 
member. Recall from Section 4.3.4.1 that the deck was not modeled 
Legend 
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Figure 60. Edge force vs. distance along depth for edge beam comparison 
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Figure 62. Edge force vs. distance along span for edge beam comparison 
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for these comparisons. Figures 60 and 62 show similar plots for 
several frame member sizes. Taking the results of Figure 60 or 
62 a plot of weak axis moment of inertia raised to the 0.35 power 
vs. a' was constructed as shown in Figure 63 to illustrate the 
edge beam effect on the distance a'. Plots similar to those discussed 
above were constructed to show the effects of aspect ratio on the 
distances a' and b'. Figures 64 and 65 show results for a W24x76 
edge member. While the magnitudes of edge forces changed with 
a change in aspect ratio, there was not an appreciable change in 
t h e  v a l u e s  o f  a '  a n d  b ' .  
4.3.5. Edge force ratio results 
Results shown in Table 6 were studied in an attempt to correlate 
the edge force ratios with various test parameters. The ratios 
qt/qt' and qp/qp' seem to be most influenced by the relative stiff­
ness of the fasteners along either side of the diaphragm. In order 
to determine a relationship between edge force and fastener stiffness 
r a t i o s ,  t h e  v a l u e s  qt /q t '  a n d  q p / q p '  w e r e  p l o t t e d  v e r s u s  k t / k t '  
and kp/kp' respectively as shown in Figures 66 and 67. Values 
of kt, kt', kp, kp' were determined as stiffness per length in 
units of kips/in./in. in the respective directions. The distinction 
between each of the four directions, instead of only two, was required 
due to the variation in stud stiffnesses in each direction as a 
result of edge distance reductions and deck orientation considerations. 
For the experimental specimens modeled, a linear regression 
was performed on the values of qt/qt' and qp/qp' versus the respec-
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tive stiffness ratios. The linear regressions led to the following 
relationships. 
^ IF ' (4-14) 
corr. coeff. = 0.98 
and 
^ ^ (4-15) 
corr. coeff. = 0.98 
Note in the regressions shown above that the edge force ratios 
were only considered as a function of the edge fastener stiffness 
ratios along the framing members. By observing the results in 
Table 6 or Figures 66 and 67, and recalling the model parameters 
from Section 4.3.3, one can conclude that the ratios were also 
functions of the framing members and the particular edge fastener 
stiffness. Due to the lack of data for the region between the 
two groups of clustered points on Figure 67, the results of the 
regression for qt/qt' should be considered approximate. Future 
analyses could serve to further complete results for a range of 
edge stiffness ratios. 
Figure 68 shows the relationship between the elastic edge 
force ratios and the framing member moment of inertia. The values 
for the edge force ratios also appear in Table 6, and indicate 
that the influence on the edge force ratios was significant only 
for the lighter steel sections, which was expected-
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To be more general, the edge force ratios should be considered 
a function of the interaction between framing members, fasteners, 
steel deck and the interface (for welded specimens). General expres­
sions relating all these factors were not developed in this study. 
Prior to attempting to develop any more specific relationships, 
a more accurate model for weld and interface behavior would be 
requi red. 
For use in the design model the linear regressions were repeated 
with the four models DES-A, DES-B, DES-C, DES-D. Those results 
are given by: 
^ = 1.23 ^ + 0.34 (4-16) 
qt Kt 
corr. coeff. = 1.0 
= 1.17 i + 0.15 (4-17) 
qp' Kp 
corr. coeff. = 0.97 
4.3.6. Strength expressions 
The strength of a SDRC diaphragm was limited by one of the 
three primary failure modes, discussed previously in Section 3.6, 
which are a diagonal tension failure of the concrete, a failure 
of the edge fasteners or a failure of the shear transfer mechanism. 
Methods will be presented in this section that determine capacities 
based on each of the three. The limiting predictive capacity of 
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the diaphragm will be taken as the minimum of the three values. 
4.3.6.1. Diagonal tension The strength of a SDRC diaphragm, 
when controlled by a diagonal tension failure of the concrete, 
was determined in Reference [48] by using the ACI [2] shear wall 
equation. In the development of the ACI equation the tensile strength 
of the concrete was assumed as 4>/fand the effective depth was 
assumed as 80 percent of the length. For application to SDRC diaphragms 
the tensile strength was still taken as 4^7^and the effective 
depth was taken as the total depth minus two times the edge zone 
distance which could be taken conservatively as 80 percent of the 
depth. Thus the equation is 
V = 3.2 tebx/fV (4-20) 
where f'c = 28 day concrete compressive strength 
Both the steel deck and concrete were assumed to contribute to 
the strength in this equation, thus tg incorporated the effective 
steel deck thickness, which was taken as the modular ratio multipled 
by the steel thickness and the ratio of p/p', as defined in Eq. (4-5). 
4.3.6.2. Edge fasteners The capacity of a SDRC diaphragm 
based on a fastener failure utilized the edge force distributions 
obtained from the finite element analysis discussed in previous 
sections. These force distributions were idealized in a similar 
manner to the way they have been idealized in References 48, 36, 
51 and 24, as was shown in Figure 39. The relationships between qt, 
q't, qp and q'p as determined in Section 4.3.5 were incorporated. 
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This differs from past work in that previously qt and q't were 
assumed equal as were qp and q'p. 
Forces on the framing members, based on the distributions 
in Figure 39, are shown in Figure 69. Summing forces on the north 
frame member gives 
q t ^  +  — ^  ( a - a ' )  ( 4 - 2 1 )  
or with 
= 2a' - 2a'2/a (4-22) 
V = qtb + q't ^'t (4-23) 
Summing moments on the south reaction block yields 
V = qpb + (b-b' ) (4-24) 
or with 
&'p = (b2 + 4bb' - 4b'2)/4a (4-25) 
V = qpb + q'p &'p (4-26) 
Figure 70 shows the assumed forces acting on edge fasteners 
at the corner of the diaphragm along the abutment. Two mutually 
perpendicular forces were assumed to act on a typical connector 
as shown in Figure 71. Since different forces typically act along 
each edge, which may have different numbers of fasteners, the strength 
based on the fasteners along either of the two sides must be checked. 
Considering fastener "A" in Figure 70, the two forces can 
be given by 
I 
I 
+ (b - b') 
a'q^' (a - a') 
a'q. ' 
(a - a ' ) 
b'q^' 
(b - b') 
V 
4 12 
qtb 
k 
^ (b - b') 
b'qp' (b - b') 
— (a - a') 
^ a'q^' (a - a') 
(a - a ' ) 
to 
Figure 69. Framing member forces in the inelastic range [48] 
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Figure 71. Component forces acting on a typical connector [48] 
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Fi = 9^1 
"b (4-27) 
Fg = bq'p 
"b 
where 
njj = number of fasteners along b 
Failure will occur when 
where 
Qut = strength of the fastener in the direction of qt 
Qup' = strength of the fastener in the direction of qp' 
Substituting Eqs. (4-27) into (4-28) yields 
(4-29) 
Eqs. (4-23) and (4-26) can be written in the form 
"p' ' ?rfy ("-31) 
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where 
a = 
e = 
qt 
qt 
qp 
(4-32) 
(4-33) 
substitution of Eqs. (4-30) and (4-31) into (4-29) yields 
1 = ((b + 
bV bV 
a&t )nbQut/ \(Gb + &p')nbQup', 
0.5 
(4-34) 
thus 
V = 
(b + a&t )nbQut/ y(3b + &p )nbQup 
0.5 (4-35) 
If Qut equals Qup' as it does with welds, Eq. (4-35) becomes 
Qu^b V = 
/ — +  / — b — Y  
\ b + a l t ' /  \6b + Ap'y 
0.5 (4-36) 
where Qu = strength of the weld 
A similar procedure is followed for the connector denoted 
as "B" in Figure 70, which yields 
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V = 
/ Ë Y + ( -
y(b + 3£p')naQupy y(a~^b + &t')na' Qut'y 
0.5 
(4-37) 
where 
Ma = number of fasteners along a 
ng' = number of fasteners along a' 
Qup = strength of fastener in the direction of qp 
Qut' = strength of fastener in the direction of qt' 
when Qup equals Qut' Eq. (4-37) becomes 
Qu 
(b + BAp')na, ((a-lb + At')na') 
0.5 
(4-38) 
If there are a sufficient number of fasteners, designated 
"C" in Figure 70, to carry load along side a, after "B" connectors 
have failed the strength is given by: 
= (b + 6-l&p') (na - 2na')Qup (4-39) 
When headed shear studs are used as fasteners the strengths 
were determined with the following expressions [40] 
Qsol = 0.00666 Ast fc'0'3 EcO.44 (4-40) 
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where 
Agt = cross sectional area of stud (in.2) 
Eg = concrete modulus of elasticity (psi) 
Qsol= stud strength in solid slab (kips) 
(Equation 4-40) was used for stud strength in a direction parallel 
with the ribs of the deck. For the strength in a direction perpendicul 
to the ribs of the deck the following equation was used [3,4]: 
Qrib = strength of stud in a transverse rib 
N = number of studs in a rib 
H = height of stud 
h = height of a rib 
w = average rib width 
Where a stud was located near an edge in the direction of 
an applied shear force a reduction in calculated strength [35] 
was applied as given by: 
where 
des " distance from the center of the stud to the free 
edge (in.) 
dst = diameter of stud (in.) 
(4-41) 
where 
(4-42) 
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When arc spot welds were used as fasteners, the strength, 
Qu, was determined using the AISI [6] weld strength equations given 
by the smaller of: 
Qu = 0.625 de2 Fyy (4-43) 
or one of the following 
for ^ t ^ 
Qu = 2.2tda Fu (4-44) 
for Jil <iâ < 240 
yFj7 t \/Fu 
Qu = 0.28 [1 +-i§0]tdaF, (4-45) 
°a V ru 
for ^ 2 ^ 
vFu 
Qu = 1.4 tdgFu (4-46) 
where 
d = weld diameter (in.) 
dg = average diameter of arc spot weld at mid-thickness 
(d-t for single sheet, d-2t for double sheet) (in.) 
dg = effective diameter of fused area = 0.7d - 1.5t < 
0.55d (in.) 
t = thickness of sheet (in.) 
Fu = ultimate strength of sheet (ksi) 
Fxx = AWS weld designation strength (ksi) 
E = 29500 (ksi) 
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The predicted strength of a SDRC diaphragm controlled by a 
fastener failure was taken as 
Equation (4-36) 
4.3.6.3. Shear transfer mechanism The strength prediction 
of a SDRC when controlled by a shear transfer mechanism failure 
used the same edge force distribution developed in Section 4.3.6.2. 
Results from the elemental pushoff tests [51] were used for shear 
transfer mechanism strengths. Again the development was similar 
to that previously used [48], with the modification included to 
reflect edge member force relationships. 
Substituting Eqs. (4-32) and (4-33) into Eqs. (4-23) and (4-26) 
yields 
V = minimum Equation (4-38) (4-47) 
maximum 
Equation (4-40) 
V = qt (b + a&'t) (4-48) 
and 
V  =  q p  (b + & ' p )  (4-49) 
The values taken for qt and qp are [51] 
qt ~ Cpo Qtpo (4-50) 
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and 
Ap ~ Cpo Qppo (4-51) 
where 
Cpo = pushoff test correction factor 
= (ts(d/s)ns + tc)/tc 
Qtpo = transverse pushoff test strength 
Qppo ~ parallel pushoff test strength 
Cpo is a parameter that was included [51] to account for the difference 
between the elemental pushoff test and the full size test with 
respect to the way load was carried at the deck concrete interface. 
In the elemental test the interface was required to resist the 
total applied force whereas in the full size specimen the deck 
carrys a portion of the shear. The values of Qtpo and Qppo were 
taken from Table 4. 
4.3.7. Initial stiffness 
Expressions that have been developed for the calculation of 
initial stiffness for SDRC diaphragms are presented in this section. 
The development of these expressions was based on the methods presented 
initially by Porter and Greimann [48] and modified by Neil sen [36], 
Prins [51] and Dodd [24]. 
For determining the initial stiffness, the diaphragm was modeled 
as a deep beam. The total in-plane deflection was considered to 
consist of several components and is given by 
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At = Ab + As + Az + Af (4-52) 
where 
A-t = total deflection 
û|3 = bending deflection of composite system 
= shear deflection of composite system 
Ag = edge zone deflection 
Af = deflection due to test frame support connection 
flexibility. 
The bending deflection term was based on the assumption that 
the composite slab acts as the web in the deep beam model and the 
edge beams act as the flanges. This approach was consistent with 
typical diaphragm idealizations [5,33]. One change from References 
[5,33] and was that the web component for the SDRC diaphragms was 
considered to contribute to the bending resistance. For other 
diaphragms, such as unfilled steel deck, the contribution made 
by the web in resisting bending deformation was considered minimal 
and was thus ignored. 
Bending deflection is given by 
A 
Va3 (4-53) 
^ " 3(EcIc + Ebib) 
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where 
V = applied load 
a = span of the diaphragm 
Ec = concrete modulus of elasticity 
Ic = moment of inertia of composite web 
Eb = frame member modulus of elasticity 
lb = moment of inertia of edge beams about "deep beam" 
neutral axis. 
The thickness used in computing the moment of inertia for the composite 
web is given by 
tg = tc + ntge (4-54) 
where 
tg = effective composite web thickness 
tc = average concrete thickness considering ribbed geometry 
n = modular ratio 
tgg = effective steel deck thickness = tg ^ 
tg = steel deck thickness 
s = developed width around one corrugation 
d = corrugation spacing 
This definition differs somewhat from References [51] and [24] 
in that tgg was assigned a value of zero when the deck was oriented 
parallel to the applied load by the previous authors. Their reasoning 
was based on the orthotropy of the steel deck in that the contribution 
was considered negligible due to the presence of the deck when 
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loading was parallel to the rib orientation. However, conclusions 
in Reference [48] and the analysis discussed in Section 4.3.4.2 
indicated that deck orientation had no effect on initial stiffness 
of the SDRC diaphragms, thus the deck orientation does not influence 
tgg herein. 
Considering the framing members to be fully effective about 
their weak axis in resisting flexure was not considered appropriate. 
This was due to their connection to the composite web being only 
at one flange. As discussed in Reference [51] and [24] this is 
due to a shear lag effect. Using methods in Reference [53] the 
effective area considered for the framing members was 15, 14.7 
and 4.74 sq. in. for tests 1-21, 22-31 and 32 respectively. 
Shear deflection for steel deck diaphragms was given by Luttrell 
[33] as 
A, = Vâ 
^ b Ggtsfd/s) 
(4-55) 
where 
b = depth of the diaphragm 
Gg = shear modulus of steel 
This expression was modified to include the effect of the concrete 
in resisting shear deformation and is given by 
As = 
b(Gsts(d/s) + G^tg) (4-56) 
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where 
Gc = shear modulus of concrete 
Only the web of the deep beam model was assumed effective in resisting 
shear deformation. 
The edge zone deflection was originally considered [48] to 
consist of the deformation of the fasteners and deck concrete interface. 
Prins [51] developed a method whereby the axial deformation of 
the framing members was considered to contribute to the edge zone 
displacement. He justified the approach with the reasoning that 
when the edge zone was very stiff, the axial flexibility of the 
framing member was of a relative magnitude, such that it contributed 
significantly to the overall deformation of the edge zone. Prins 
determined the edge zone forces by solving a differential equation 
for each of the three framing members. Resulting expressions related 
the edge force distribution along the framing members to the stiffness 
of the interface and the axial stiffness of the edge beams. These 
relations were given [51] as: 
qtfl = qtfo cosh (gt b/2) 
qp2 = qpl sech (gpa) 
(4-57) 
(4-58) 
where 
qtfl = edge force at end of load beam 
qtfo = edge force at center of load beam 
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qt = (kt/EbAb)0'5 
Ap2 = edge force at free end of sides beam 
qpl = edge force at fixed end of side beam 
qp = (kp/EbAb)0'5 
The finite element analysis of Sections 4.3.3, 4.3.4 and 4.3.5 
indicated a nonuniform edge force distribution along the length 
of the side beams that generally decreases toward the load beam. 
However, the decrease was not to the degree predicted by Eq. (4-58). 
For example, for Model 20-B, the ratio of maximum edge force which 
occurred near the fixed edge to the edge force at the opposite 
end of the side beam is 1.71. The ratio predicted by Eq. (4-58) 
was 2.07. For the load beam the distribution from the finite element 
analysis indicated a near constant distribution with lower values 
at the ends. Equation (4-57) predicts a ratio of end force to 
center force of 1.36, with a distribution in contrast to the finite 
element analysis, that was increasing toward the ends. 
Recall that Model 20-B included the steel deck and had a stiffness 
assigned to the fasteners of 37 k/in./in., which were indicative 
of welded connections. An additional analysis was run which did 
not include the deck and had stiffnesses assigned to the fasteners 
of 667 k/in./in., which were indicative of shear stud fasteners. 
For this case the ratios of fixed end to opposite end forces were 
2.79 and 160, for the finite element analysis and Eq. (4-58) respec­
tively. 
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The finite element analysis, as well as intuition, indicated 
that there was a nonuniform distribution of edge force along the 
framing members when they were elastically connected to the floor 
system, that depended on the interaction between the fastener stiffness 
and edge beam stiffness. However, Eqs. (4-57) and (4-58) do not 
seem to accurately represent the distribution. For this reason 
the edge zone stiffness component will be formulated similar to 
the approach used for strength predictions in Section 4.3.6.3., 
which incorporates the relationships in Eqs. (4-32) and (4-33). 
This approach was used by Porter and Greimann [48], except for 
the relationships of Eqs. (4-32) and 4-33). 
An idealization of the elastic edge force distribution was 
shown in Figure 38. Forces on the framing members corresponding 
to the idealization are shown in Figure 72. The elastic stiffness 
of the edge zone was idealized as shown in Figure 73. With this 
idealization the forces in Figure 72 were written as 
qp = kpAp 
(4-59) 
qt  = k t^ t  
q t '  =  k t 'A t  
where 
Ap = parallel edge zone displacement 
= transverse edge zone displacement 
K-j = edge zone stiffnesses 
(3a - 2a' a'q ' 
g (3a - 2a') 
b'q ' 
V * » <3b - 2b') 
b'q^' 
-J-(31, . 2b') 
Î 
— (3a - 2a') 
q^b k 
b'An' 
Cp* + -6b^- (3b - 2b') 
b'qn' 
-gj-(3b - 2b') 
-^N 
(3b 2b') 
a'q, ' 
(3a - 2a ' )  (3â - 2a') 
en 
ro 
Figure 72. Framing member forces in the elastic range [48] 
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K 
Figure 73. Idealized spring stiffness of edge zone [48] 
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The geometric relation of the displacements are shown in Figure 
74, with the assumption that the concrete and edge beams were initially 
rigid. Transverse and parallel edge zone displacements are shown 
separately. Addition of the two components yields 
= 2(At + f^p) 
In terms of stiffness Eqs. (4-32) and (4-33) become 
kt 
(4-60) 
(4-61) 
(4-62) 
Summing forces and moments as was done in Sections 4.3.6.2 yields 
with 
V = kt^t (b + G&t) 
V = kpAp (b + 3-Up) 
= a' - 2a 2/3a 
= (b2 + 3bb' - 2b'2)/6a 
(4-63) 
(4-64) 
(4-65) 
(4-66) 
Solving Eqs. (4-63) and (4-64) for A^and respectively and sub­
stituting into Eq. (4-60), then solving for ^ yields 
2 2a A  = V 
kt(b + a&t) kpb(b + 6-Up) (4-67) 
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Figure 74. Edge zone displacement geometry relationships [51] 
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In previous work [51] the values used for kt and kp for welded 
diaphragms were taken from the elemental pushoff tests. For studded 
specimens Dodd [24] found that the pushoff tests did not model 
the forces on the corner fasteners, therefore, the stud load deflecti 
curve given in Eq. (4-3) was used to determine values of kt and 
kp. The interface between the steel deck and concrete was considered 
to be effectively restrained by the studs in the elastic range, 
therefore only the deformation of the stud-concrete fastener system 
was considered to contribute to the edge zone deflection. Reviewing 
the work of Prins [51] and Dodd [24] resulted in some modification 
to determination of the stiffness values. 
For the specimens fastened with shear studs the same approach 
used by Dodd [24] was used for this study. Since the load vs. 
displacement relationship for Eq. (4-3) is nonlinear, an equivalent 
stiffness was used for a displacement of 0.003 in. as given by 
keq = (4-68) 
where 
= area under load vs. displacement curve 
A = 0.003 in. 
A displacement of 0.003 in. was chosen since it represents the 
average displacement at the initial displacement increment between 
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the concrete and frame at the corners of the diaphragm, for the 
tests with studded fasteners. Substituting Eqs. (4-3) and (4-68) 
yields [24] 
keq = 145-3 Qsu (4-69) 
Ss 
where 
Qsu = stud fastener capacity in load direction 
Ss = stud spacing 
The constant in Eq. (4-69) is the equivalent stiffness for a stud 
with a strength of 1 kip, as given by Dodd [24]. 
Reviewing the experimental results of both the full size and 
elemental tests, along with previous assumptions regarding the 
edge zone displacement, resulted in a modified method of determining 
kt and kp for welded specimens. Full size test results indicated 
that every diaphragm that was fastened with welds experienced displace­
ment of the deck relative to the test frame at initial displacement 
levels. Also, results indicated that 65% of the welded specimens 
did not undergo any displacement between the deck and concrete 
at initial levels of applied displacement, while the remaining 
35% of the specimens typically exhibited interfacial slip at only 
one or two corners. These data indicated that initially the edge 
zone displacement was primarily due to the flexibility of the fasteners. 
Results from the elemental pushoff test study [51] did not 
indicate that the edge zone stiffness was a function of the weld 
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number and spacing. Further, as can be seen in a comparison of 
Figures 75 and 76, which are similar pushoff specimens except for 
the fasteners as indicated on the figures, test results indicated 
that the welded specimens possessed greater initial stiffness than 
did studded specimens. This was contrary to both intuition and 
full size test results. In addition, if one considered the edge 
zone stiffness to be composed of both an interface component and 
a weld component, the total stiffness could not exceed the lesser 
of the two components, since these two components worked in series 
with one another. Using the pushoff test results and weld stiffness 
values from Reference [33], the total edge zone stiffness from 
the elemental tests ranged from approximately 2 to 5 times the 
equivalent stiffness predicted considering only the welds, thus 
the elemental test results appear to be unexpectedly stiff. 
An attempt will be made to explain one source of error that 
may have caused the elemental pushoff tests for the welded specimens 
to be too stiff. This hypothesis has not been verified since no 
additional elemental tests were run subsequent to the problem being 
identified. As elemental testing progressed to loads beyond the 
initial stages of loading, a visible vertical separation between 
the deck and concrete occurred at the load end of the specimen, 
or in other words, a rotation was occurring about the opposite 
end of the specimen. Assuming that this tendency to rotate was 
present before it was visible, the same rotation effect would have 
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been present at the initial stages of loading. Instrumentation 
that was used to monitor the displacements was placed such that 
this rotation would reduce the apparent in-line displacement, thus 
indicating a stiffness that was greater than the actual value. 
Following the explanation above, the pushoff tests with studded 
connections should not have shown the same effect due to the vertical 
restraint provided at the loaded end of the specimen. Figure 76 
shows a plot of both pushoff test results and the results using 
Eq. (4-3). Good agreement between the two is evident, thus indicating 
the pushoff tests to be reasonable for studded specimens. 
In view of the preceding discussion, the method used in this 
study for determining kt and kp for welded specimens incorporated 
the weld flexibility curve in Reference [33]. This was the only 
generally available information regarding weld stiffness to be 
found. Values of kt and kp were determined by multiplying the 
individual weld stiffness values by the weld spacing for a given 
diaphragm. 
The information in Reference [33] was useful, but yet limiting 
for two reasons, as was briefly discussed previously. Only 5/8 
in. welds made in steels with yield strengths ranging between 46 
and 50 ksi were used for developing the relationship for weld stiffness. 
As the weld strength and stiffness are a function of the base metal 
properties, the author believes that the analytical relationships 
describing stiffness should reflect both the diameter of the weld 
and strength of the base metal. 
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In previous work [51,24] the distances a' and b' were determined 
based on the elemental testing. These values were considered as 
the length of separation between the deck and concrete. This definition 
does not appear to be consistent with the definitions of Figure 38 
for a' and b', which was also used in References [51] and [24]. 
This study has shown the distances a' and b' to be a function of 
the fasteners and framing members, thus use of Eq. (4-2) will not 
be utilized herein. 
The last component of the initial flexibility of the diaphragm 
to be considered was the flexibility of the test frame support 
connection at the abutment. This rigid body rotation was originally 
deemed neglible but subsequent monitoring of test specimens revealed 
that indeed there was a small, yet measurable deflection. The 
displacement of the connection (A^) was related to the diaphragm 
displacement by 
^f = -y ^c (4-70) 
Measurements indicated that for the test frame constructed with 
the W24x76 sections the stiffness kf (= V/Af) was approximately 
10,000 kips/in. and for the test frame constructed with the W14x22 
section the stiffness was approximately 3400 kips/in. 
Substituting the components into Eq. (4-52) yielded an expression 
for the initial stiffness of the composite diaphragm, which is 
given by: 
163 
' (4-71) ktot kb kg kz kf 
where 
ktot ~ total composite diaphragm stiffness 
kb = bending stiffness 
kg = shear stiffness 
kz = edge zone stiffness 
kf = frame connection stiffness 
Solving for ktot yields 
4.4. Comparison of Experimental and Analytical Results 
This section presents results of the proposed predictive method. 
These results are compared with the experimental results and the 
predictive values based on the methods developed previously [48]. 
4.4.1. Strength • 
The distances a' and b' were taken as 25 in. for the welded specimens, 
except for Diaphragm 32, for which 15 in. was used for both parameters, 
and values of 15 in. were used for the studded specimens. These 
values were based on the finite element analyses. Strength values 
based on each of the three failure modes are shown and the controlling 
mode is underlined for each diaphragm. Figure 77 provides a 
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Table 7. Experimental and predictive strengths for different 
failure modes 
Predictive Method 
liaphragm 
Number 
Experimental 
(kips) 
Diagonal 
(kips) 
Edge 
Connector 
(kips) 
Shear 
Transfer 
Mechanism 
(kips) 
1 168 174 578 __a 
2 186 173 556 __a 
3 98 158 140 79 
4 88 141 140 77 
5 116 106 152 134 
6 149 281 303 125 
7 137 176 288 __b 
8 54 138 62 __a 
9 220 195 294 199 
10 161 144 267 140 
11 95 153 352 76 
12 180 148 266 140 
13 250 213 294 210 
14 208 246 267 136 
15 103 107 352 100 
16 124 108 352 102 
17 146 274 272 126 
18 161 140 267 141 
19 147 138 278 147 
20 95 153 96 94 
ashear transfer mechanism mode not applicable for studded specimens. 
^No pushoff tests performed. 
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Table 7. (Continued) 
Predictive Method 
Shear 
Diagonal Edge Transfer 
Diaphragm Experimental Tension Connector Mechanism 
Number (kips) (kips) (kips) (kips) 
21 122 156 109 139 
22 169 149 267 140 
23 106 154 98 95 
24 168 162 236 139 
25 180 176 248 __a 
26 87 104 105 __a 
27 91 138 §1 __a 
28 119 149 112 __a 
29 137 136 196 __a 
30 115 149 184 __a 
31 65 147 60 76 
32 60 125 97 74 
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a graphical display of the experimental vs. predictive results. 
Note that in all but five specimens the predictive strengths were 
conservative. 
Generally the results of the predictive method compared reasonably 
well with the experimental results, however there were exceptions. 
The predictive method did not consider the effect of gravity loading. 
This effect, as concluded by Neil sen [36] and observed in the testing, 
tended to increase the capacity of specimens that experienced a 
shear transfer mechanism failure, when compared to similar specimens 
where superimposed gravity load was not applied. The effect of 
gravity load was thought to enhance the frictional component of 
the deck-to-concrete interface. 
Predictive results for Diaphragm 27 were somewhat conservative. 
This specimen had studs along the load beam and the abutment, while 
only welds were used along the remaining two sides. The predictive 
equations did not fit this test as well as the other studded specimens, 
suggesting the need for reasonably symmetric fastener patterns 
with respect to stiffness and strength. 
Diaphragms 31 and 32 failed below the predictive values. 
While this was not particularly bothersome as the comparisons were 
reasonable, one important point was illustrated. Both of the specimens 
used 24 in. wide deck sections and the test frame configuration 
300-1 EXPERIMENTAL vs. PREDICTED STRENGTH 
—T— 
50 
1 1 
150 200 
EXPERIMENTAL STRENGTH (kips) 
—I— 
100 250 300 
Figure 77. Experimental vs. predicted strength 
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required that a 12 in. strip be added to fill out the diaphragm. 
This put a seam, which used five seam welds, in the edge zone region. 
During testing, end slip measurements indicated that the seam had 
failed and the further load carrying capacity was diminished. 
This served to illustrate that the placement of deck sections that 
cause the seam to be in the edge zone should be avoided. If this 
cannot be avoided, then the number of seam fasteners should be increased 
to avoid a premature failure. 
A comparison of experimental and predictive results with the 
predictive methods of References [48] and [23] can be made by observing 
Table 8. The predictive method of this study and that of Reference 
[48] show very comparable results. Predictive strengths for specimens 
exhibiting a shear transfer mechanism were more conservative with 
the proposed method than with the method of Reference [48], but 
the previous method tended to be a better predictor of actual strength. 
Results from specimens failing in the shear transfer mechanism 
made were expected to be somewhat scattered based on Reference 
[8]. The bond at the interface is still not well understood nor 
particularly predictable for vertically loaded SDRC specimens, 
which have shown to most often exhibit a failure of the deck-to-concrete 
interface, which has been defined as a shear-bond failure [46]. 
Chemical interaction between the deck surface coating and the cement 
paste seemed to be variable and can effect the strength significantly. 
This same effect was believed to contribute to test scatter in 
diaphragm tests as well. 
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Table 8. Experimental and predictive strengths 
Diaphragm 
Number 
Experimental 
(kips) 
Proposed 
(kips) 
Ref. [48] 
(kips) 
Ref. [23] 
(kips) 
1 168 174 182 _ _ a  
2 186 173 181 __a 
3 98 79 94 104 
4 88 77 94 94 
5 116 106 115 88 
6 149 125 146 217 
7 137 __b __b 119 
8 54 62 78 _.a 
9 220 195 213 143 
10 161 144 130 109 
11 95 76 87 120 
12 180 140 130 111 
13 250 213 224 150 
14 208 136 130 176 
15 103 100 110 107 
16 124 102 110 107 
17 146 126 147 212 
18 161 140 130 107 
19 147 138 136 128 
20 95 96 91 112 
^No strength predictive method provided; refers to AC I 
specification [2]. 
bNo push-off tests with deck type 3. 
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Table 8. (Continued) 
Diaphragm 
Number 
Experimental 
(kips) 
Proposed 
(kips) 
Ref. [48] 
(kips) 
Ref. [23] 
(kips) 
21 122 109 109 85 
22 169 140 127 123 
23 106 95 91 117 
24 168 139 136 145 
25 180 176 187 __b 
26 87 104 107 __b 
27 91 54 79 __b 
28 119 112 160 __b 
29 137 136 138 __b 
30 115 149 153 __b 
31 65 60 53 89 
32 60 74 75 79 
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The proposed predictive method generally did a better job 
of predicting strength than the method of Reference [48] for the 
specimens that experienced edge fastener failure. Edge force distributi 
developed from the finite element analysis herein and the related 
modification to the relationships of qt» qt'» qp and qp', seemed 
to more accurately represent the forces to which the fasteners 
are subjected. 
Table 8 also shows predictive strengths based on Reference 
[23]. These results tended to show a significant amount of scatter. 
Results for studded specimens are not shown because Reference [23] 
simply references the AC I specification [2] for such configurations. 
The method tended to do the best for welded specimens with 20 gauge 
C grade steel decks. Grade C steel was used in the development 
of the method in Reference [23], and the steel strength was not 
a variable in the method, thus these results were not surprising. 
Further, the method did not consider the effect of weld diameter. 
Therefore, when the diameter varies from the 3/4 in. value, which 
was used in Reference [23], the predictive strength does not reflect 
the change. 
4.4.2. Stiffness 
The methods of Section 4.3.7 were used to calculate predictive 
values for initial stiffness. These values are given in Table 
9 and are shown graphically in Figure 78. In general, the predictive 
results compared reasonably well with the experimental results. 
Two particular trends were evident with respect to the comparison. 
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Table 9. Experimental and predictive stiffnesses 
)i aphragm 
Number 
Experimental 
(kips/in.) 
Proposed 
(kips/in.) 
Ref. [48]a 
(kips/in.) 
Ref. [23]a 
(kips/i n.) 
1 1800 2500 2300 3100 
2 2000 2500 2300 3100 
3 1600 1300 1400 2300 
4 1300 1300 1300 2100 
5 1700 1200 1200 1900 
6 2600 2100 1600 3700 
7 1500 1900 __b 3100 
8 1100 1400 1000 2600 
9 1900 2300 1400 4000 
10 1700 1700 1500 2900 
11 1600 1500 1400 1800 
12 1800 1700 1500 3000 
13 1900 2300 1400 4200 
14 1900 2000 1700 4000 
15 1300 1300 1200 2000 
16 1300 1300 1300 2000 
17 2200 2100 1500 3600 
18 1700 1700 1500 2900 
19 1300 1700 900 1800 
20 1300 1000 900 1300 
®Test frame flexibility included. 
^No pushoff specimens tested. 
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Table 9. (Continued) 
Diaphragm Experimental Proposed Ref. [48]a Ref. [23]a 
Number (kips/in.) (kips/in.) (kips/in.) (kips/in.) 
21 1200 900 1500 2500 
22 2300 2100 1900 3200 
23 1700 1200 1100 1400 
24 2200 • 2000 1100 2000 
25 __c __c __c __c 
26 1800 1800 1400 1900 
27 1900 1300 1500 2600 
28 1900 2000 1800 2800 
29 2300 2400 2100 2600 
30 2000 2400 1900 2800 
31 1600 700 1300 1000 
32 1100 700 1000 800 
CTest apparatus malfunction prevented determination of 
experimental stiffness. 
3000-1 EXPERIMENTAL vs. PREDICTED STIFFNESS 
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Figure 78. Experimental vs. predicted stiffness 
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First, the predictive values for studded slabs were all higher 
than the experimental values, except for Diaphragm 27. The problems 
with applying the generalized model to this diaphragm were discussed 
in the previous section. Examining the data for potential reasons 
for the trend of higher predictive stiffnesses as compared to experi­
mental values revealed that the initial displacement of 0.025 in., 
which was constant throughout the experimental program, exceeded 
the elastic displacement level of the specimens. Figure 79 illustrates 
the point. The difference, while seemingly small, had a significant 
effect since the large force value was being divided by a small 
displacement. 
A second trend observed indicated that predicted stiffnesses 
for welded diaphragms, particularly those where the welding was 
only approximately 1-2 welds per foot, tended to be lower than 
the experimental values. The predictive method developed herein 
for stiffness depends significantly on the values assigned to the 
weld stiffness. As discussed in Section 4.3.6, currently available 
methods for determining the stiffness of arc-spot welds do not 
reflect the influence of weld diameter and steel strength. Both 
of these were believed to influence the stiffness of the weld detail. 
Since the dominant term in Eq. (4-72) for the lightly welded specimens 
was the edge zone stiffness, small changes in the basic weld stiffness 
would have a great effect on the total predictive stiffness. Review 
of photographic test data indicated that for two of the four of 
100.00 
LOAD (KIPS) 
050 025 -. 050 -. 025 
DISPLACEMENT (in.) 
—100.00 
Figure 79. Load vs. displacement for Diaphragm 28 (disp. _< 0.05 in.) 
I 
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the lightly welded specimens, the 3/4 in. specified welds were 
actually in excess of one inch. This represented a significant 
difference since the welded stiffness values were determined for 
5/8 in. welds [33]. Further, Diaphragms 31 and 32, which were 
lightly welded, were constructed with E grade steel and the weld 
flexibility curve [33] was based on D grade steel. 
Table 9 also contains predictive stiffness values based on 
the method of Reference [23]. With the exception of four diaphragms 
the predicted values exceeded the experimental values. The predictive 
methods did not seem to adequately account for the edge zone or 
fastener flexibility. One particularly important point that appeared 
to be incorrect was the specification of fastener spacing along 
the sides of deck sections. This spacing was specified as a function 
of the applied load, not the capacity of the diaphragm, with a 
maximum spacing of three feet [23]. Due to typically small loads 
the three feet spacing often would control [23]. The stiffness 
of the diaphragm as calculated in Reference [23], was not a function 
of this side fastener spacing. Finite element results of this 
study, indicated that increasing the side fastener spacing caused 
a decrease in stiffness as well as strength. This decrease was 
evident in Figure 56 when Model Des-A was compared with Model DES 
C. This failure to account for the side fastener spacing could 
result in a diaphragm that is significantly more flexible than 
expected based on the predictive equations. 
m 
As with strength predictions, the method of Reference [23] 
did not account for weld diameter and sheet strengths other than 
3/4 in. and Grade B strengths. While this would lead to conservative 
strengths, providing at least 3/4 in. welds were used, the variations 
in stiffness are unaccounted for and the philosophy regarding conserva­
tive values does not apply, since the precise displacement is of 
interest. 
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5. DESIGN RECOMMENDATIONS 
5.1. General 
The experimental and analytical work presented in the preceding 
chapters served two principal functions. First, the work contributed 
to the basic research data base for composite floor systems. Secondly, 
and just as important as the first contribution, the work provided 
the foundation for design recommendations that the practicing struc­
tural engineer can utilize. From the outset of the project, a 
key objective was to work toward the development of design recommen­
dations. This chapter contains these recommendations which are 
supported by the material in Chapters 3 and 4. 
During the course of the experimental investigation numerous 
test configurations and parameters were used. The purpose of particu­
lar test arrangements was not always to represent configurations 
typical to the construction industry, but rather to investigate 
particular modes of behavior and failure. This approach, while 
deemed essential at the research level, had to be modified when 
formulating a set of design recommendations, if the recommendations 
were to be accepted and used. To.this end, construction practices 
and philosophies were incorporated in the design approach as part 
of the modification. 
In order to reflect the present practices of the design industry, 
with regards to SDRC diaphragms, a survey of steel deck manufacturers 
was made as part of this study. The results are included in this 
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chapter. A design methodology for SDRC diaphragms was developed 
and is presented herein. The influence of the study on seismic 
design codes is also discussed. 
5.2. Industry Survey 
A list of steel-deck manufacturers that produce deck profiles 
that are used in composite floor systems was compiled. These manufac­
turers were then sent a letter that requested information as to 
the method they used when requested to provide a design for a SDRC 
diaphragm. Steel deck manufacturers were selected as the principal 
source of information since they are often requested to provide 
the designs for the floor systems that they sell. This information 
was gained through personal conversations that the author has had 
with several of the steel-deck manufacturers. 
The response to the survey was 55 percent, which represents 
six steel-deck manufacturers. All responses indicated that the 
approach described in the Seismic Design for Buildings [23] was 
the only method utilized for the design of SDRC diaphragms. This 
method was reviewed in previous sections of this report, including 
a comparison between the predictive strengths and stiffnesses and 
the experimental results. Several of the survey responses included 
design tables that were generated with the methods of Reference 
[23]. These design tables considered arc-spot welds as the only 
means of fastening. 
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5.3. Design Methodology 
5.3.1. Design procedure 
Prior to discussing the design equations and system parameters, 
which will be done in the following sections of this chapter, the 
overall design philosophy will be presented. This will be done 
primarily to keep the results of the current work in perspective 
as one considers the overall design process of SDRC floor systems. 
The principal function of a floor system is to carry vertical or 
gravity type loads. A secondary function for the floor system 
may be to act as a part of the lateral load resisting system via 
diaphragm action. The design approach presented herein follows 
this same prioritization of the modes of resistance. 
The design procedure is presented schematically in Figure 
80, and the details are described further in this section. 
Initially, the vertical load design is performed. If the framing members 
are designed to act compositely with the floor slab, then requirements 
regarding the fastener type and number are established by the AISC 
specifications [3,4]. Where a composite beam design is not used, 
the designer is given the choice of using arc-spot welds, headed 
studs or some other means of fastening. Along with these decisions, 
the designer selects deck profile and thickness, concrete strength 
and slab thickness. The Specifications for the Design and Construction 
of Composite Slabs [8] should be used for the gravity load design. 
Details for a particular floor system would be established prior 
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Figure 80. Diaphragm design flowchart 
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to consideration of the in-plane capacity. Therefore, the process 
for diaphragm design might be more properly referred to as a strength 
check and stiffness determination. 
Beginning the diaphragm strength check, one should start with 
a determination of the diagonal tension strength calculation. 
This represents the maximum potential strength of a SDRC diaphragm. 
If the capacity in this mode of failure is not found to be acceptable, 
then the designer would be forced to select new slab parameters, 
such as thickness and concrete strength. The diagonal tension 
capacity, if adequate, does not necessarily represent the diaphragm's 
strength, as connection capacity must be checked. 
Following a check of the diagonal tension strength, the strength 
of the diaphragm based on the connector capacity should be determined. 
As the flow chart in Figure 00 indicates, different paths are taken 
for different connector types. When studs are the connector type 
being used, the capacity check is made and if found to be inadequate, 
the stud spacing should be reduced. If welds are used and the 
capacity is found to be inadequate, the designer may choose to 
increase the number of welds or perhaps change from welded connectors 
to stud connectors. However, there would be no need to increase 
the connector capacity beyond the diagonal tension capacity of 
the diaphragm. 
A strength check of the shear transfer mechanism would not 
be required according to Figure 80. This would only be true if 
184 
the recommendation of the following section regarding fastener 
detailing were followed. The shear transfer mechanism check was 
omitted based on combining the experimental test results and the 
industry survey. This topic will be addressed further in the next 
section. 
Once the strength checks are made and determined to be adequate, 
the final step in the design process would be to determine the 
initial stiffness of the diaphragm. This calculation has multiple 
terms, which are described, along with the specific expression, 
for the strength determinations in Sections 5.3.3 and 5.3.4. 
5.3.2. System parameters 
Previously in this report the test parameters that were utilized 
in the experimental program were discussed. For development of 
the design recommendations a range of test parameters had to be 
addressed. Clearly the designer would be permitted to extrapolate 
the design methods beyond the specified range of applicability, 
if rational analytical support for the extrapolation existed. 
Test parameters considered include fastener type and number, deck 
type and thickness, concrete strength, aspect ratio and slab thickness. 
Two fastener types, arc-spot welds and headed studs, were 
used in the experimental program. These are the only fastener 
types considered in the design process, since they represent the 
most common types in the building industry. The use of other positive 
shear transfer devices was not precluded, however, the determination 
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of their influence on the diaphragm strength and stiffness was 
left to the designer. Procedures and requirements regarding the 
use of arc-spot welds and headed studs are established by the American 
Welding Society [9] and the American Institute of Steel Construction 
[3,4], respectively. These guidelines have been found to be applicable 
in this research and were thus, utilized as part of the proposed 
design recommendations for steel-deck-reinforced diaphragms. 
The number of fasteners for any given diaphragm was a critical 
parameter in the design formulation. This research study, as well 
as other research on diaphragms described in Section 2, has shown 
this emphasis on fasteners to be warranted. In formulating the 
design approach, input was requested from steel deck manufacturers 
regarding diaphragm design. Of the responses received, welding 
was exclusively the fastener type addressed. The number of welds 
ranged fro.m one weld per corrugation to one weld per every two 
corrugations. This represented a significant difference from the 
experimental program, where the range was from one weld per corruga­
tion to four welds per corrugation. The use of headed shear studs, 
which was not addressed by the survey respondents, occurs in conjunction 
with composite beam design. Requirements for minimum and maximum 
number of fasteners for members designed for gravity loading with 
headed shear studs are presented by the American Institute of Steel 
Construction [3,4]. 
In the experimental program a high number of fasteners was 
used on some tests primarily to investigate various failure modes. 
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For the design process, however, the information obtained from 
the industry survey was deemed crucial. Combining the research 
and survey information, the recommendation is that a maximum number 
of welds permitted be such that the average spacing be 12 inches. 
The selection of this spacing as a limiting value insures that 
the weld failure will be the controlling mode of diaphragm capacity. 
If a greater number of welds were used, the diaphragm capacity 
may be controlled by the shear transfer mechanism failure mode, 
which was not incorporated in the primary design approach of this 
chapter. If the designer deems necessary the use of more welds than 
specified above, then elemental test results would be required. 
Reference [51] would have to be consulted for test procedures regarding 
those tests. 
The preceding paragraph contains an important step in the 
synthesis of the analytical expressions that form the basis for 
the design process, thus further discussion is warranted. In Sections 
3 and 4, three principal failure modes were considered, and analytical 
expressions were presented that accounted for each of these failure 
modes. If, however, the number of welds is limited as discussed 
in the previous paragraph, the shear transfer mechanism failure 
is no longer a concern since the weld failure mode will govern 
the strength. Both the test data and the analytical expressions 
bear this out. This implication has direct influence on other 
tests parameters, which will be discussed later in this section. 
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A limitation on the side sheet fastener spacing is also recommended. 
Due to the sensitivity of the edge force distribution to edge fastener 
stiffness ratios along the sides of the diaphragm, a recommendation 
is made that the fastener spacing be kept approximately the same 
along all diaphragm framing members. This spacing limitation would 
serve to minimize the differences in edge force distributions along 
the perimeter of the diaphragm, and therefore provide a more uniform 
distribution of shear. 
Several different deck types were considered during the experimen­
tal process. All were of a general trapezoidal shape and had embossed 
shapes rolled into the profile. The influence of deck type, or 
more specifically embossment shape, size and arrangement, was believed 
to mainly influence the shear transfer mechanism, although no direct 
relationship between embossment characteristics and diaphragm capacity 
were established during this research study. However, based on 
the earlier discussions that the shear transfer mechanism not be 
considered applicable in the design process, the lack of a cause 
and effect relationship between deck type and diaphragm strength 
and stiffness was not of concern. By not having to consider the 
shear transfer mechanism, the design method becomes independent 
of the particular deck type. 
The sheet thickness of the deck profile is a significant factor 
in the determination of the strength and stiffness. Thicknesses 
tested ranged from 16 gauge to 20 gauge, however, extrapolating 
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the analytical expressions to 22 gauge deck is deemed acceptable, 
thus the design recommendations address the typical range of steel 
thicknesses that are used for composite steel deck profiles. The 
effect of steel thickness will be more prevalent for welded specimens 
than for studded specimens, since the strength and stiffness of 
the welds depend highly on the thickness of the steel sheet. For 
studded specimens the only influence of the steel thickness will 
be a small contribution to the effective thickness of the diaphragm. 
Concrete strength was varied during the experimental investiga­
tion. The influence of the concrete strength on the stiffness 
of the diaphragm and on the ultimate strength in the diagonal tension 
failure mode was reflected in the analytical expressions. There 
was no perceived influence on the weld failure mode, but when studs 
are used as connectors, the concrete strength influenced the strength. 
No restriction on concrete strengths are recommended, but economics 
typically suggest a range of 2500-4000 psi for floor systems. 
Overall diaphragm dimensions, aspect ratio and slab thickness, 
were varied. Only two aspect ratios were investigated and thus 
sweeping conclusions are limited. However, the two aspect ratios 
studied, a 1 to 1 and 1 to 1.25, did not show any unexpected behavioral 
changes. Clearly there was an influence on stiffness and strength, 
but the test results and analytical expressions reflect these influences. 
Likewise, the slab thickness effects are considered in the analytical 
expressions. No recommendation of limiting dimensions, other than 
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those in the Specifications for the Design and Construction of 
Composite Slabs [8] regarding thickness, are suggested. 
5.3.3. Strength equations 
This section presents the strength design equations. The 
development is similar to that of Section 4.3.6 but has been modified 
to reflect the design model. 
5.3.3.1. Diagonal tension The strength of a SDRC diaphragm 
based on a diagonal tension failure was given by Eq. (4-20). This 
equation was not modified by the use of the design model. The 
design capacity is given by 
Vu = *DT VNDT (5-1) 
where 
= 0.85 
VnDT = V in Eq. (4-20) 
A value of 0.85 was selected based on the ACI specification [2], 
5.3.3.2. Edge fastener Development of the strength design 
expressions for SDRC diaphragms that are limited by fastener strength 
utilized the design model shown in Figure 55. The idealized edge 
force distributions at ultimate are shown on Figure 81. Forces 
on the frame members were determined similar to the method of Section 
4.3.6.2 with changes in the boundary conditions taken into account. 
Figure 82 illustrates the different fasteners subject to the strength 
check. 
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Figure 81. Idealized ultimate force distribution 
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Figure 82. Idealized forces acting on fasteners 
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The strength based on fastener "A" in Figure 82 is given by 
1 
( b-c' b' (b-c' + a£t"')nbQut/ \(Bb-c'Bb/a + «-p" ' )nb'Qup/ -,0.5 
(5-2) 
where 
2a' 
a 
2b' 
Zl" ' = (a - a' - c') 
£p<  • • = £ii_ (a - b' - C) 
nb ' = number of fasteners along b' 
For fastener "B" in Figure 82 the strength is given by 
V - (b-c' + a&t''')(nb-2nb')Qut 
(b-c') 
(5-3) 
Fastener "C" strength is given by 
V = 
a-c 
^(b-c'b/a + ' )naQu|^ |^ba-l-c'a-l + &t''')na'Qut' 
(5-4) 
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The strength based on fastener "D" is given by 
V - (b-c'b/a + '')(na-2na')Qup 
(a-c') ,5_5, 
For diaphragms welded according to the guidelines of this 
chapter, the values for a and g are recommended as follows. 
a = 0.64 g = 1.32 
When headed shear studs are used as fasteners, Eqs. (4-16) 
and (4-17) should be used to determine a and g. Predetermined 
values for these parameters cannot be set, as they were for welds, 
since even with equal fastener spacing the stiffnesses along the 
edge members will not be equal. This will be due to the influence 
on strength, and hence stiffness according to Eq. (4-3), of the 
steel-deck ribs and the amount of concrete between the studs and 
the edge of the diaphragm. These parameters would vary with each 
design. 
The values recommended for a' and b' are as follows: 
welded diaphragms studded diaphragms 
a' = b' = 5.83 IyO-35. g.O a' = b' = 15 in. 
These values were selected based on the results of the finite element 
analysis of Section 4.3.4. Specific values for the studded diaphragms 
were selected, as opposed to assigning values as a function of 
edge member size, since changes in a' or b' for a range of framing 
members, were small. 
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The design strength for SDRC diaphragms based on edge fastener 
failure is given by 
Vu = *EF VNEF (5-6) 
where 
*Ep = 0.75 
Eq. (5-2) 
VNEF = V given by minimum 
maximum 
maximum 
Eq. (5-3) 
Eq. (5-4) 
Eq. (5-5) 
A capacity reduction factor of 0.75 for edge fastener failure was 
chosen based on the AISC [3,4] recommendations for welded connections 
The AISC specification did not give a separate capacity reduction 
factor for headed shear studs, but rather combined the strength 
reduction for the studs in the total flexural reduction factor 
of 0.9. Thus, a factor of 0.75 may be unnecessarily low for studs, 
but without further information and in the interest of uniformity 
the value of 0.75 is recommended for both welds and studs. Basic 
fastener strengths should be determined using References [3,4,6 
and 35]. 
5.3.3.3. Shear transfer mechanism The guidelines given 
in Sections 5.3.1 and 5.3.2 should insure that a shear transfer 
mechanism failure does not control the strength of the SDRC diaphragm 
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As discussed previously, should the designer desire to use a greater 
number of welds then was recommended in Section 5.3.2, a check 
of the shear transfer mechanism strength would be required. This 
check would involve testing a series of elemental pushoff tests 
as described in Reference [51]. A modification to displacement 
monitoring to reflect the discussion in Section 4.3.7. should be 
considered if stiffness determinations are to be made using the 
pushoff data. No modifications are required for determination 
of the strength parameters Qtpo and Qppo. 
5.3.4. Initial stiffness 
The initial stiffness for the design model is given by 
KJ = 1 , (5-7) 
kB kg kz 
where 
kg = bending stiffness component defined by Eq. (4-53) 
ks = shear stiffness component defined by Eq. (4-55) 
kg = edge zone stiffness component (= V/6z) 
Only the edge zone stiffness component requires modification to 
reflect the design model. The bending and shear terms are applied 
as in Section 4.3.6. 
An idealization of the elastic force distribution is shown 
in Figure 83. As in Section 4.3.7, the applied force V can be 
related to the edge zone stiffness. These expressions are given 
by 
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and 
where 
V = Mt (b - c' + a&t") (5-8) 
V = kpAp (b - c'b/a + B-ljip") (5-9) 
4" = IT " IT - c') 
£ ' ' = JL (b - ^  - c' ) 
P a J 
Substitution of Eqs. (5-8) and (5-9) into Eq. (4-60) yields 
A? = V 2a (5-10) 
kt(b-c'+aH") kpb(6-l&p'' + b-c'b/a) 
Values for a, g, a' and b' were given in Section 5.3.3.2. 
5.4. Influence of Study on Seismic Design 
In the first chapter of this report, diaphragms were discussed 
with respect to their function as part of the lateral load resisting 
system of a structure. This section expands that discussion. 
In particular, the inelastic behavior of the experimental SDRC 
diaphragms is summarized. Further, the applicable sections of 
seismic design codes are briefly reviewed and the potential ramifica­
tions of this study on those codes are presented. 
5.4.1. Inelastic behavior 
Results from the experimental program that were presented 
in Chapter 3 of this study included virgin and stabilized load 
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gure 83. Idealized elastic force distribution 
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vs. displacement envelopes (Figures 33, A1-A22). Also, plots of 
stiffness degradation vs. nominal displacement levels for several 
diaphragms were presented in Figures 34 and 35. Relationships 
of the types shown in those figures are useful in evaluating the 
inelastic behavior of SDRC diaphragms. This type of information 
is also frequently used to evaluate structures or structural compo­
nents with respect to potential seismic performance. To this end 
certain key features of load vs. displacement and stiffness vs. 
displacement curves warrant discussion. 
One generally desirable feature of structural components sub­
jected to seismic forces is that of ductility. Ductility was defined 
as the ability of a system or component to undergo substantial 
deformation beyond the yield deformation, while maintaining a nearly 
constant load level [54j. Figure 84 shows qualitative examples 
of ductile and brittle systems [54]. The concept of ductility 
was developed for material behavior under a static monotonie loading, 
and is quantitatively represented by a ductility factor defined 
as the ratio of total deformation to elastic deformation at yield 
[18]. 
Reference 18 emphasized the point that ductile behavior cannot 
be inferred from a virgin load vs. displacement curve when considering 
components subjected to reversed cyclic loading. Further, the 
ductility factor should no longer be considered a reliable measure 
of satisfactory performance. Under cyclic loading degradation 
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Figure 84. Ductile and brittle system load vs. displacement schematic 
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of strength and stiffness can occur, which is often the case in 
concrete structures. The loss in strength and stiffness becomes 
more pronounced with more brittle type behavior. 
Considering the load vs. displacement curves in Figures 33 
and A1-A22, one can see that the behavior of SDRC diaphragms result 
in their classification as brittle components. The modes of failure 
that were found to be predominant in the experimental specimens 
also lead to the brittle classification. Recall these failure 
modes as diagonal tension cracking of the concrete, breakdown of 
the deck-concrete interface and fastener failure. None of these 
modes of failure were associated with ductile behavior. 
The detrimental effects of reversed cyclic loading on the 
specimens was also apparent in Figures 33-42 and A1-A22. Differences 
in the virgin and stabilized load vs. displacement curves showed 
the degradation in both stiffness and strength at each displacement 
level with cyclic displacement. Stiffness vs. displacement plots 
also showed the substantial decrease in cyclic stiffness with increasing 
displacement levels. 
When comparing the load vs. displacement plots for the different 
diaphragms, one notes differences that can be generally categorized 
according to the mode of failure exhibited in the test specimen. 
The specimens that failed in the diagonal tension mode generally 
showed a less rapid degradation in cyclic stiffness than those 
specimens exhibiting an edge connector failure. Specimens that 
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failed as a result of the breakdown of the shear transfer mechanism 
tended to degrade similarly to those specimens failing in diagonal 
tension. 
A comparison of Diaphragms 10, 12 and 18 reveals an interesting 
trend that was noted by Neil sen [36]. That was, the presence of 
vertical load seemed to decrease the rate of stiffness degradation. 
The only significant difference in these three diaphragms was the 
application of different amounts of vertical load, with the amounts 
being 0, 65 and 135 psf for specimens 10, 12 and 18 respectively. 
Even with this lessened degradation the behavior was still shown 
to be brittle. 
5.4.2. Seismic design codes 
The seismic design of diaphragms, as with other structural 
elements, is regulated by building codes. There are several major 
model building codes used in the United States, in which the seismic 
design procedures are similar [16]. Of these the Uniform Building 
Code (UBC) will be discussed [29]. Also, a set of recommended 
procedures has been developed by the Building Seismic Safety Council 
(BSSC) [19], which were based on tentative provisions set forth 
by the Applied Technology Council [10]. The BSSC document will 
also be discussed. 
In the UBC [29] the total lateral base shear is calculated 
by the familiar expression 
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V = ZIKCSW (5-11) 
and is distributed to each floor level as a function of height 
and weight of each floor. Diaphragms are specifically required 
to be designed for a portion of the base shear, which is not required 
to exceed a level of load represented by 
FPX 1 0.3 ZI WPX (5-12) 
where 
Z = seismic zone factor (_< 1.0) 
I = occupancy importance factor (^ 1.5) 
Wpx = the weight of the diaphragm and the elements 
tributary thereto at level x, including 25 
percent of the floor live load in storage and 
warehouse occupancy. 
In addition, the diaphragms must be designed to carry lateral 
forces that are due to offsets that may occur in the vertical load 
carrying members. These offsets cause the floor diaphragms to 
transfer the shear from the vertical elements above to those below. 
One such structural plan is the staggered truss configuration [59]. 
Considering the maximum values of 1.0 and 1.5 for Z and I 
respectively in Eq. (5-12), the maximum design force, exclusive 
of any additional forces such as discussed in the proceeding para­
graph, is given by 
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Fpx ~ 0-45 Wpx (5-13) 
The provisions set forth by the BSSC [19] require that diaphragms 
be designed for a minimum force represented by 
where 
Ay = coefficient representing the effective peak 
velocity - related acceleration 0.4) 
Wy = weight of the diaphragm and all building elements 
attached thereto. 
As with the UBC, any additional shear caused by vertical load carrying 
member offset must also be carried by the diaphragm. 
With the maximum value of Av being 0.4, the design force, 
without additional force due to vertical member offsets, becomes 
In order to obtain a feel for the magnitude of these forces, 
consider the design force for a diaphragm the size of one of the 
experimental specimens. For Diaphragm 31 being used for light 
storage occupancy of 125 psf which will require additional design 
capacity due to definition of Wp*, and not having additional forces 
caused by vertical member offsets, the design force according to 
UBC would be approximately 8.6 kips. The BSSC provisions would 
F = 0.5 Ay Wx (5-14) 
F = 0.2 Wx (5-15) 
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require a design force for this configuration of 2.4 kips. Recall 
that the strength of this diaphragm was approximately 65 kips. 
This example provides the reader with an idea of the magnitude 
of diaphragm design forces required by seismic design codes in 
relation to strengths for a relatively lightly welded diaphragm. 
The forces should not be interpreted as absolute maximums since 
additional floor attachments and the presence of offset vertical 
members will add to the design force. 
One may infer from the results in the preceding paragraph 
that the strength of SDRC diaphragms, fastened as prescribed in 
Section 5.3.2 will, in general, well exceed the demand due to inertial 
forces induced by their own mass and normal attachments. Special 
attention must be paid, however, to additional forces that may 
require transfer by the diaphragm to lateral resisting elements 
of the structure. Unlike many structural members, the results 
of this study indicated that elastic design should be appropriate 
for SDRC diaphragms. 
In cases where diaphragms are loaded beyond their elastic 
range in a cyclic manner, the nonlinear load vs. displacement behavior, 
as discussed in Section 5.4.1 should be considered. At this time 
an analytical hysteretic model for SDRC diaphragms, which may be 
required for a numerical evaluation of the interaction between 
diaphragms and other frame components, has not been developed. 
However, further research has been proposed that would potentially 
lead to such a model. 
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One further point regarding seismic design codes warrants 
discussion. This point being the use of the building coefficient, 
K, in the UBC [29] and the response modification factor, R, in 
the BSSC [19] provisions. Both of these factors are functions 
of the framing system used in the building under consideration 
and are generally regarded to represent the relative ductility 
in the different types of framing systems [17]. The floor diaphragms, 
which should be considered an integral part of the lateral load 
resisting system, may influence these factors, yet are not considered 
to influence the values [29,19]. In particular, if a SDRC diaphragm 
were in a building configuration that caused it to be loaded into 
the inelastic region, test results have shown that little, if any, 
ductility would be available. Therefore, the coefficients, K and 
R, may not be representative of the system ductility. The precise 
numerical influence of SDRC diaphragms on these factors was not 
clear, since no general available information exists regarding 
their derivation or their precise physical meaning [17]. 
Given the above discussion, one way to overcome this problem 
would be to provide the SDRC diaphragm with ductility. This would 
have to be done by adding supplemental reinforcing and considering 
the diaphragm as a more traditionally reinforced concrete diaphragm, 
with due regard to the connection details. 
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6. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
6.1. Summary 
This study was part of a second phase of research conducted 
at Iowa State University dealing with the investigation of floor 
diaphragms constructed with steel-deck-reinforced concrete. During 
this investigation a total of 23 full size diaphragms were tested. 
Prior to this phase of the research, nine specimens were tested 
in phase I and the results were reported by Porter and Greimann 
[48]. In addition to the full-size tests, 97 elemental tests were 
conducted and the results were reported by Prins [51] and Dodd 
[24]. Results of both the full size and the elemental tests were 
considered in this study. A principal objective of this study 
was to develop design recommendations, based on the experimental 
and analytical results. 
As part of the study, previous diaphragm research was reviewed. 
Both SDRC diaphragm and pertinent parts of steel deck diaphragm 
research were considered. In addition, particular aspects of fastener 
design information were reviewed. 
Key experimental results that were needed for comparison with 
analytical expressions were presented. In particular, these included 
load vs. displacement results for the imposed reversed cyclic displace­
ment, initial or elastic stiffness values and ultimate strengths 
of the diaphragms. Also strain and displacement data were 
utilized to gain an increased understanding of the complex behavior 
of SDRC diaphragms. 
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Phase I [48] of the research developed predictive equations 
for stiffness and strength of SDRC diaphragms. These equations 
were based on an edge zone concept, which considered the force 
to be transferred from the load frame into the diaphragm within 
a relatively narrow region adjacent to the framing members. A 
key component of this edge zone was considered to be the interface 
between the steel deck and concrete. Edge force distributions that 
were used to derive predictive equations were based on a linear 
elastic finite element analysis. Additionally, force distribution 
at ultimate load levels were assumed; Predictive equations and 
the means for determining the components of the equations were 
modified in this study, and inelastic force distributions were 
determined. 
A major component of the analytical portion of this study 
was verifying those force distributions at ultimate that were previ­
ously assumed. As part of the analysis relationships between the 
edge force distributions at different locations were established 
In addition, geometric parameters, a' and b', used in the analytical 
expressions were studied and their relationship to the framing 
members was considered. 
The principal focus of the analyses was to verify and define 
the components of the predictive equations, such that the equations 
might be incorporated into a design methodology. As a preface 
to the design methodology, a survey of steel deck manufacturers. 
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who are often called upon to design SDRC floor systems, was performed 
in order to obtain information regarding typical SDRC system configura­
tions. This information along with the results from the experimental 
and analytical portions of the study were incorporated into a design 
methodology. Predictive equations were modified to reflect a design 
model that differed somewhat from the experimental configuration. 
Recommendations were made regarding design parameters. 
6.2. Conclusions 
Conclusions based on the work of this study have been categorized 
on the basis of experimental, or behavioral, evidence, analytical 
results and design recommendations. These conclusions are as follows: 
Behavioral Results 
1. SDRC diaphragms exhibited significant strength and 
stiffness. While the strength and stiffness were influ­
enced by several parameters, the fastener type and 
number were the most influential. 
2. SDRC diaphragms showed a brittle type behavior with 
a significant drop in load carrying capacity after 
ultimate strength was obtained. By classical defini­
tions, SDRC diaphragms possessed no ductility. 
3. The strength of the SDRC diaphragms tested as a part 
of this study had their strength limited by either 
a diagonal tension, shear transfer mechanism or edge 
connector failure. 
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4. The elemental pushoff tests, which are needed for predict­
ing the strength of SDRC diaphragms based on a shear 
transfer mechanism failure, appeared to yield initial 
stiffnesses that were erroneously high. 
Analytical Results 
1. Predictive methods modified from Reference [48] in 
this study generally did a good job of predicting strength 
and stiffness. Strength predictions were typically 
conservative. Initial stiffness predictions for lightly 
welded diaphragms, which were the least predictable, 
should be improved if better weld flexibility information 
becomes available. 
2. The two-dimensional finite element analysis did a reason­
able job of modeling overall diaphragm behavior for 
specimens in which the principal nonlinearity was in 
the fasteners and which did not exhibit significant 
cracking of the concrete. In order to model those 
diaphragms that do crack significantly, the nonlinear 
properties of concrete would have to be incorporated 
in the analysis. 
3. Edge force distributions, used in the analytical expres­
sions, were a function of the orthotropic steel deck, 
fasteners and edge members used in the analysis. 
4. The predictive strength and stiffness equations developed 
in Reference [23] are limited to welded diaphragms. 
These methods do not generally account for varying 
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weld dimensions and steel properties. The influence 
of side sheet to framing member fasteners on the stiffness 
of the diaphragm is not accounted for by the predictive 
equations of Reference [23]. 
5. Load vs. displacement relationships for various weld 
diameters made in various strength steels are not generally 
available. 
6. The precise quantitative manner in which the deck-to-concrete 
interface functions was not established. 
7. Load vs. displacement relationships for the deck-to-concrete 
interface, which were required in the finite element 
analyses, need further development. 
Design Recommendations 
1. SDRC diaphragms can economically be designed with elastic 
principals and the methods of Section 5, for applications 
where there are no additional forces induced by offset 
vertical members. 
2. Fastener type and spacing should be kept similar on 
all sides of the diaphragm in order to obtain edge 
force distributions that are as uniform as possible. 
3. Partial steel deck sheets should not be placed within 
the edge zone of the diaphragm unless adequate shear 
transfer is provided at the seams of the deck sheets. 
4. Whenever applicable, edge distance reductions should 
be applied to strength and stiffness expressions for 
headed shear studs. 
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6.3. Recommendations for Continued Study 
1. Perform a small series of elemental pushoff tests as an 
attempt to identify and correct the discrepancy regarding 
measurement of the displacement at the interface. 
2. Determine, through experimental means, load vs. displacement 
relationships for sheet-to-structure and sheet-to-sheet 
welds with varying weld diameter and sheet steel strength. 
As a preface to this research, any existing raw data should 
be examined for usefulness in this matter such that repetitive 
experimental work can be prevented. 
3. In order to make further analysis of SDRC floor systems 
possible, the precise means in which the deck-concrete 
interface functions should be studied. This should be 
a basic step prior to any future large scale research 
investigation. 
4. Develop a strength and stiffness degrading mathematical 
model or fit experimental data to an existing model, such 
that the SDRC diaphragms might be studied dynamically 
with a lumped parameter model. 
5. Based on existing data, determine capacity reduction factors 
for headed shear stud fasteners. 
6. Analytically and experimentally investigate the effect 
of openings in the diaphragm, presence of trench headers, 
intermediate support members such as steel joists and 
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combination of significant gravity loading on composite 
beams that are also resisting in-plane loads. 
7. Analytically study the interaction between edge fasteners 
and framing members such that more general relationships 
between parallel and transverse edge forces can be developed. 
8. Analytically determine three-dimensional effects such 
as out-of-plane loading and eccentricity of applied in-plane 
loading, using finite element analysis. 
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